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Fifth Southwest Washington Coastal
Erosion Study Workshop

Olympia, Washington
November 15-17, 2000

WORKSHOP AGENDA
Wednesday, November 15

0800 PICK-UP AT HOTEL FOR SHUTTLE TO WORKSHOP

0815 Welcome G. Gelfenbaum, USGS
G. Kaminsky, DOE

0830 Motivation, goals, and status of USGS/DOE study G. Gelfenbaum, USGS

COLUMBIA RIVER & ESTUARY
0930 Preliminary findings from a geophysical survey of

the John Day Reservoir, Columbia River D. Twichell, USGS
0945 Holocene sedimentation rates in Columbia River

estuary D. Baker, PSU
1000  BREAK

1030 Preliminary results and interpretation of
Columbia River estuary vibracoring S. Vanderburgh, UCFV

1045 Separating human and climate effects on Columbia
River flow and sediment transport D. Jay, Oregon Graduate Inst.

1100 Columbia River mouth dredged material disposal
plans V. Shepsis, PIE

1115 MCR - trends in sediment management H. Moritz, COE
1130 LUNCH & Posters
1300 Group Discussion: Columbia River Sediment Source

1500 BREAK



COASTAL BARRIERS & BEACHES

1530

1545

1600

1615

1700

1830

0800

0830

0845

0900

0915

0930
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littoral cell C. Peterson, PSU

Data integration and modeling D. Percy, PSU
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subsidence events P. Cowell, U of Sydney

Group Discussion and Posters
Session ends
SOCIAL MIXER & DINNER (sponsored by SWCES at the Schmidt House)

Thursday, November 16
PICK-UP AT HOTEL FOR SHUTTLE TO WORKSHOP

High resolution 2D and 3D GPR datasets H. Jol, UWEC
Shoreline response to climate variability L. Moore, USF/USGS
An overview of historic bathymetric and

topographic change analysis M. Buijsman, DOE
Aggregating beach monitoring data to inform

management-scale predictive modeling P. Ruggiero, DOE
Assessing coastal susceptibility in the CRLC B. Voigt, DOE
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Group Discussion: Shoreline Change Predictions
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WILLAPA BAY & GRAYS HARBOR

1330
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Status of Seattle District COE coastal projects E. Nelson, COE
Bay Center channel and Willapa navigation studies D. Simpson, PIE

Linking equatorial SST and hydrodynamics off
SW WA E. Hands, WES
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Session ends
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1015

Late Holocene framework and evolution of the
Southwest Washington coast
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backscatter studies on the inner shelf

Wave climatology in the Pacific Northwest

SWAN model calibration and validation on the
SW WA inner continental shelf

Sediment transport during the 1999 Grays Harbor
wave refraction experiment

BREAK

Models, assumptions, and what we know for sure
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P. Cowell, U of Sydney
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INTRODUCTION

This report is a compilation of abstracts that correspond to oral presentations and posters
presented at the fifth principal investigators workshop of the Southwest Washington
Coastal Erosion Study. The workshop was held November 15 - 17, 2000 at the
Department of Ecology headquarters building in Olympia, WA. For the fourth
consecutive year in November, the workshop convened the entire multi-disciplinary group
of scientists and engineers working on the Study or on related projects within the
Columbia River littoral cell (CRLC) (Figures 1 and 2). The workshop participants are
listed in the List of Attendees section towards the end of this report.

The purpose of this workshop was to bring all Study investigators and associated
engineers and scientists together to discuss recent work, ongoing tasks, and future
research plans in the CRLC. Investigators were asked to present recent data, preliminary
interpretations, and research results to invoke discussion and correlation with parallel
scientific efforts. The abstracts compiled in this report represent a wealth of information
on the CRLC, but because much of the work is in progress, the reader is advised that the
information provided herein is preliminary and subject to change.

The workshop abstracts are grouped together into the different sedimentary environments
that make up the Columbia River littoral cell. After an introductory abstract summarizing
the motivation, goals, and status of the Study, the workshop report continues with a set of
abstracts on the Columbia River and estuary. These abstracts discuss the Columbia River
as a source of sediment to the littoral cell, as well as the roles that the estuary and river
play as sinks of sediment. Several of these studies explore the impacts of human
interventions, such as channel dredging and flow regulation, on altering the flow, sediment
transport, and sediment accumulations in the river and estuary. The next set of abstracts
discusses results from studies of the coastal barriers and beaches of the CRLC. These
abstracts describe studies that have quantified changes in the barriers and beaches over
pre-historical and historical time scales. Also included are summaries of processes
associated with coastal evolution such as shoreface sand supply and the influence of
climate changes, and a paper describing a method of predicting coastal change. Next in
the report are a group of abstracts on studies from Willapa Bay and Grays Harbor, the two
major bazs of the littoral cell. These abstracts include reviews of ongoing, recent, and
early 20™ century coastal engineering projects at the entrances to Grays Harbor and
Willapa Bay. Also included are summaries of natural cycles of sea level and
morphological changes in Willapa Bay. The final group of abstracts associated with a
CRLC sedimentary environment describes studies of the ebb-tidal deltas and inner shelf.
This group includes abstracts of studies covering the complete range of time scales over
which sediment from the Columbia River is transported and accumulates, from long-term
evolution of the shelf to short-term wave, current, and sediment transport processes
associated with storms.

The last group of abstracts in this report addresses topics that are integrated across the
different sedimentary environments, including the sediment budget, a straw plan for
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regional sediment management, information sharing tools, and two reviews of the Study.
In part, these abstracts describe examples of the important function that science can play
in improving management decisions. Abstracts by internationally renowned coastal
scientists Drs. Paul Komar of Oregon State University and Peter Cowell of the University
of Sydney offer independent evaluations of the progress of the Study.

ACKNOWLEDGEMENTS

We would like to thank Brian Voigt for his help in organizing the workshop and Etienne
Kingsley, Laura Kerr, and David Thompson for their help in preparing the workshop.
Much thanks goes to Laura Kerr and Brian Voigt for preparing this workshop report.
Finally, we would like to thank John Chin of the U.S. Geological Survey for his thoughtful
review of this report.
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Figure 1. The Columbia River littoral cell is bound by Tillamook Head in the south and Point
Grenville in the north.
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MOTIVATION, GOALS, AND STATUS OF THE SOUTHWEST WASHINGTON
COASTAL EROSION STUDY

Guy Gelfenbaum, U.S. Geological Survey
George M. Kaminsky, Washington Department of Ecology

CONCLUSIONS
Below is a short synopsis of important preliminary findings and progress of the Study:

* The Study is actively integrating geologic data sets from the shelf, bays, and
barriers to reconstruct the Holocene evolution of the coastal system. Dated
material from cores and the occurrence of tephra (volcanic glass) layers are
enabling the calculation of sedimentation rates and the development of a time
history of sediment accumulation along the mid-shelf and within the Columbia
River littoral cell (CRLC).

* Dune ridges are common features along the coastal plains of all four CRLC sub-
cells. The Study has correlated the dune ridges along each sub-cell and across the
sub-cell boundaries. The locations of dune ridges are being interpreted to be
correlated to prehistoric shoreline positions. Tentatively, shoreline positions from
4.0, 2.5, 1.7, 1.2, and 0.3 thousand years ago have been identified. These times
correspond to co-seismic subsidence events associated with Cascadia Subduction
Zone earthquakes and they allow for the calculation of shoreline change rates prior
to human intervention.

» Simulations of the shoreface and shoreline response to co-seismic subsidence
events are being conducted using a geometrical-based coastal evolution model.
Preliminary simulations for Long Beach Peninsula suggest significant shoreline
retreat (erosion) associated with a subsidence event similar to those documented to
have occurred over the last few thousand years on the Washington coast. Initial
model results suggest shoreline recession varying from 100-900 m depending on
whether or not the inner shelf is considered as a source of sand to the beaches.

* Grays Harbor and Willapa Bay are predominately filled with sediment that
originated from the Columbia River. Are the bays still filling with sediment from
the open coast or has the filling ceased? Whether the bays are sinks or sources of
sediment to the coast is important to the CRLC sediment budgets and thus to
shoreline change predictions. Bay sediments are being examined to assess their
late Holocene to historical sedimentation history.

» The historical evolution of the CRLC barriers is now well documented. Through
systematic, detailed analysis of historical topographic surveys (NOS T-Sheets back
to 1868) and aerial photographs (through 1999) the Study has determined the
spatial patterns and temporal trends of shoreline change between Tillamook Head,
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OR and Point Grenville, WA. In addition, sediment accumulation rates over three
periods since the late 1800s have been derived for each of the sub-cells.

A multibeam survey of the region off Grays Harbor and Grayland Plains was
conducted to provide accurate and detailed bathymetry and backscatter data. The
survey reveals several distinct depressions in the seafloor surface along both the
north and south sides of the Grays Harbor entrance. A series of obliquely-angled
depressions south of the South Jetty in water depths from 10-16 m, are up to 2 m
deep, 200 m wide, and 1 km long. A wider and longer shore-perpendicular
depression exists north of the Grays Harbor entrance. The bottoms of the
depressions contain well-rounded gravel-size sediment probably of glacial origin.
The depressions are surrounded by fine to medium-sized sand that originated from
the Columbia River.

Climate changes associated with El Nifio cycles and the Pacific Decadal
Oscillation affect precipitation and thus river flow and sediment discharge. There
is also a correlation with shifting storm tracts, frequency, and severity and thus
wave height and direction, and sea level. These factors may have a measurable
effect on both the sediment discharge from the Columbia River and on the
magnitude and direction of longshore sediment transport along the coast. The
degree to which these climate change factors effect coastal morphology is of great
interest and they are currently being studied.

The construction of jetties at the entrances to the Columbia River and Grays
Harbor have had a profound effect on the local sea floor morphology and the
positions of the adjacent shorelines. Detailed sediment budgets at both estuary
entrances accounting for these changes are providing critical data necessary to
calibrate and predict future shoreline change.

The magnitude and direction of longshore sediment transport along the beaches of
the CRLC, and ultimately the shoreline change that results from gradients in
transport, are sensitive to the magnitude and direction of incoming waves.
Sensitivity analyses are improving the ability to accurately numerically simulate
the shoaling and refraction of incoming waves. Extensive field experiments in
which waves, currents, sea level, and suspended-sediment concentration were
measured are being used to test and calibrate wave and sediment transport models.

The beaches of the CRLC undergo morphological change, including net accretion
and erosion, at several spatial and temporal scales. A variety of highly accurate
GPS techniques are used to conduct extensive and detailed mapping of the beach
from the dune fields to -10 m elevation (MSL) along each of the four sub-cells.
Results are used to document short-term changes in beach elevation and shoreline
position, as input to shoreline change models, and in assessments of susceptibility
to coastal flooding and beach erosion.
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* Findings from the Study are being used in a variety of cases to aid in management
decisions. For example, Washington State Park officials are developing long-term
plans for Fort Canby State Park using historical analysis and shoreline change
predictions based on Study findings (Kaminsky et a/., 1999a). Other examples of
the application of Study results to management decisions include the erosion at
Damon Point (Kaminsky et al., 1999b) and at Ocean Shores (Voigt and Ruggiero,
1998).

ACCOMPLISHMENTS

The paucity of data and lack of understanding of the sedimentary processes along the
southwest Washington coast necessitated the development of a comprehensive Study plan.
All relevant aspects of the coastal geologic and oceanographic processes that operate on
scales ranging from meters to kilometers and from seconds to thousands of years needed
to be addressed. The timeline below shows the tasks that have been addressed in the
Study as well as the phasing of Study elements. The timeline has been modified over the
life of the Study to reflect changes in emphasis, and the need to pursue important findings.

Task FY9% | FY97 | FY98 | FY99 | FY00 | FYO01

Assess Previous Studies

Establish Geodetic Control

Barrier Accretion/Erosion
Study
Shoreline Change Analysis

Bathymetric Change
Analysis
Sediment Source Analysis

Inner Shelf Framework
Studies

Beach Morphology
Monitoring

Shoreface Processes

Coastal Change Modeling

Develop Database/GIS

Education and Outreach

i

The data collection phase of many of the tasks is complete. For example, the data
collection for the geodetic control network, the historical shoreline change, and the inner
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shelf framework studies are complete. Likewise, the data and error analyses are complete
or are near completion for the historical shoreline change task and the bathymetric change
task. Several tasks, such as the sediment source analysis have extended beyond the
original end date, and other tasks, such as the beach morphology monitoring, are still in
progress. The array of multi-scale and multi-disciplinary tasks of the Study can be
grouped into the following five categories:

1) Coastal Change: these tasks involve the analyses of past and present changes in
geomorphic features that include barrier evolution, shoreline behavior, beach
morphology monitoring, and bathymetric change. These efforts involve mapping the
evolution of the littoral cell over a continuum of scales in order to understand the system
functioning. The observed coastal changes are being related to environmental forcing,
climatological events, sediment budgets, and other influences, including human
intervention and tectonic activity.

2) Sediment Budget: this research characterizes and quantifies the sources, pathways and
sinks of sediment within the littoral cell. Research is conducted to determine the
volumes, accumulation rates, and transport rates of sediment for each of the major
environments of the CRLC, including the Columbia River, Willapa Bay, Grays Harbor,
the beaches and dunes, and nearshore and shelf sand bodies. This information is critical
for determining the sand supply available for shoreline change.

3) Coastal Processes: these tasks include measuring, monitoring, and/or modeling
currents, waves, sea level, sediment transport and other climatic conditions that drive
coastal responses over a wide range of spatial and temporal scales. The Study also uses
historical data, hindcast data, and interpretations of morphologic expression to infer
process-response relationships.

4) Predictive Modeling: modeling efforts are based on integrated input data sets derived
from the analysis of coastal change, sediment budgets, coastal processes, and other
environmental forcing conditions and geological constraints. The initial tasks help
clarify important geologic and oceanographic processes that govern the coastal changes
and refine the conceptual and mathematical models used to make quantitative
predictions. Modeling efforts include shoaling and refraction of waves as they
propagate from deep to shallow water, inner shelf and surf zone sediment transport due
to storms, changing shoreline position, and shoreface change due to episodic coastal
subsidence events.

5) Management Support: these tasks involve the development of information and
products of direct value to coastal management and the land-use planning efforts of
local communities. In addition to basic products such as maps and reports, this work
includes susceptibility analyses, development of geographic information system (GIS)-
based decision support systems, databases and the application of research results to case
studies.
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The Study approach and research topics described above were developed in recognition of
the need to predict shoreline change at a temporal scale relevant to developing viable
long-term management alternatives. Because quantitatively accurate prediction of coastal
change is inherently difficult at any scale, the Study tasks are directed toward obtaining
the most fundamental information needed to develop a sufficient understanding of the
natural and human-induced complexity of the littoral system so that a predictive capability
may be developed. This includes developing an understanding of errors, model
sensitivities, and limits to predictability.

QUESTIONS

In the course of the Study questions have been raised based on preliminary findings and
our developing conceptual understanding of the CRLC. In addition, some questions that
were raised at the onset of the Study have remained unanswered. Below is a list of a few
of these questions:

1) What is the net flux of sediment out of the Columbia River estuary into the coastal
system? Has the sediment flux changed over time? What is the influence of natural
climatic-induced changes in runoff versus modifications in discharge due to flow
regulation on the sediment flux out of the estuary? Is the Columbia River estuary a net
sink of littoral sediment?

2) Is there a relationship between nearshore morphology (number of bars, size of bars,
etc.) and short-term shoreline change trends? If so, does a certain bar morphology cause
shoreline change, or is it a result of the shoreline change?

3) Is there significant sediment transport between the inner shelf and the littoral zone?
What are the underlying conditions that favor exchange between the inner shelf and the
littoral zone? Is the exchange controlled by certain processes (e.g., large waves), by the
sediment supply, or by both in some combination?

4) Is there a record of climate variability or climate change in the progradational strata of
the coastal barrier plains?

5) Can the sediment budget be constrained enough to provide useful boundary conditions
and input to shoreline change predictions? Does the sediment budget balance? Are the
errors and uncertainties in the sediment budget too large to make it useful?

ANALYSIS

The Southwest Washington Coastal Erosion Study was initially conceived in 1994 as a
result of the recognition by public officials of a lack of basic understanding of coastal
processes and shoreline changes along the southwest Washington coast. The Study began
in the spring of 1996 and is now in the fifth year of a five-year plan. The Study is a multi-
disciplinary investigation of the 165-km long coastal region between Tillamook Head,
Oregon and Point Grenville, Washington, that is referred to as the Columbia River littoral
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cell. The Study is jointly sponsored and directed by the U.S. Geological Survey, Coastal
and Marine Geology Program, and the Washington Department of Ecology, Coastal
Monitoring & Analysis Program, with active participation by local communities.
Kaminsky and Gelfenbaum (1999) provide details about the development of this federal-
state-local partnership. Gelfenbaum et al. (1997) is a report of the first workshop and
provides an inventory of the state of the knowledge at the beginning of the Study. An
overview of the Study elements and initial results is provided in Kaminsky et al. (1997).
The abstracts of the 1998 principal investigators workshop are compiled in Gelfenbaum
and Kaminsky (1999) and the abstracts of the 1999 principal investigators workshop are
compiled in Gelfenbaum and Kaminsky (2000).

The Study has three principal goals:

1) understand regional sediment system dynamics;

2) determine natural and anthropogenic influences on the littoral system; and

3) predict coastal behavior at management scales (i.e., decades and tens of kilometers).

These goals are pursued through a wide range of investigations into the geology and
coastal processes that span over four orders of magnitude in time and space (days to
millennia and meters to hundreds of kilometers). The Study approach is to apply a
hierarchical systems perspective that considers coastal morphodynamics at the scale of
interest in context with the morphodynamics at both smaller and larger scales. At the
smaller scale are the important process-drivers of aggregated-scale coastal change, and at
the larger scale are the boundary conditions that impose constraints on the
morphodynamics at smaller scale.
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GEOPHYSICAL SURVEY OF THE JOHN DAY RESERVOIR: COLUMBIA
RIVER

David Twichell, U.S. Geological Survey
Michael Parsley, U.S. Geological Survey
Guy Gelfenbaum, U.S. Geological Survey
VeeAnn Cross, U.S. Geological Survey
Mindi Sheer, U.S. Geological Survey

Ken Parolski, U.S. Geological Survey
Laura Kerr, U.S. Geological Survey

CONCLUSIONS

A geophysical and video sampling cruise was conducted in the John Day Reservoir of the
Columbia River to assess whether sediment has accumulated since impoundment in 1968
and if so, has the bottom type changed enough to alter the habitat for spawning fishes.
Results from the John Day study will also address the effects that dams and flow
regulation have on sediment supply from the Columbia River. Preliminary findings from
the recently completed field work include:

* A thin layer of mud, from less than 1 cm to several decimeters thick covers much
of the reservoir floor, blanketing well-rounded gravel, cobbles, and boulders.

* Many large-scale features such as gravel or cobble bars, abandoned roads, etc. as
discerned in sidescan sonar images appear unaltered as compared to pre-
impoundment photography of the river.

QUESTIONS
The findings in the John Day reservoir suggest several important questions:

* Has the thin layer of mud that blankets the reservoir bottom accumulated since
impoundment in 1968, since the most recent large river flow in 1997, or since the
last spring freshet a few months prior to our survey?

» How representative is the John Day Reservoir as compared to other reservoirs
within the Columbia basin with respect to trapping of sediment since
impoundment?

ANALYSIS

Over 400 dams have been constructed on the Columbia River and its tributaries, however,
the volumes of sediment trapped behind the dams and a detailed understanding of changes
in the surface sediment cover are not well understood. To better understand the effects of
a dam on sedimentation within an individual pool, a collaborative field program was
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conducted by geologists and biologists from the USGS. The John Day Reservoir was
selected for this pilot study because of a large amount of data that had already been
compiled by USGS fisheries biologists, and because the John Day was being considered
by the U.S. Army Corps of Engineers for partial drawdown. The John Day Reservoir, also
known as Lake Umatilla, is located along the mainstem of the Columbia River,
approximately 348 km (216 miles) upstream from the mouth. The reservoir, extending
upriver to McNary Dam, is approximately 125 km long and 1 km wide with water depths
up to 57 m. Construction of the John Day Dam began in 1958 and was completed in 1968.
The dam was built primarily for power generation and flood control, however irrigation
and recreation are additional beneficial uses. The reservoir is surrounded by highly
resistant basalts that form high cliffs around the western part and lower lying plateaus
around the eastern part. Surrounding high plateaus contain very little natural vegetation as
most of the area is heavily farmed for agriculture. A small number of tributaries enter the
reservoir, the largest are the John Day River and the Umatilla River. Neither river is a
major source of water and probably not a significant source of sediment.

New data collected during a two week field program included sidescan sonar coverage of
a large part of the reservoir, high-resolution seismic-reflection profiles from a more
limited area, and 48 ground-truth stations where underwater video observations were
made and sediment samples and bottom photography were attempted. Preliminary results
suggest little change to the area since completion of the John Day dam in 1968 (Figure 1).
Orthophotographs taken in 1964, prior to filling the reservoir, show numerous gravel and
cobble bars in the river, and subsequent bathymetric surveys show that these bars are
preserved and appear not to have moved. The seismic-reflection profiles show that these
bars are still present and that any sediment that blankets them or other parts of the
reservoir floor is below the resolution of the seismic system (approximately 50 cm).
Although the seismic data do not show a thick accumulation of sediment covering the pre-
impoundment surface, the sidescan imagery does suggest that some parts of the reservoir
are covered by a thin veneer of post-impoundment sediment while other parts appear to
have no sediment cover. Several roads and railroad tracks remain well preserved on the
lake floor and large areas of the western part of the reservoir appear to have outcrops of
Tertiary volcanics still exposed on the reservoir floor. The eastern end of the reservoir
appears to be mostly floored by gravel deposits with a surface sculpted by furrows. These
furrows probably are the result of scouring by the stronger currents in the eastern part of
the reservoir. Bars that were mined for aggregate still show the causeways leading to them
as well as evidence of mining on the bars themselves. In contrast to these areas where
pre-impoundment features are well preserved, other parts of the reservoir floor have a
low-backscatter signature on the sidescan image that is interpreted to represent
accumulations of finer-grained sediment. These areas are most common in the deeper
parts of the reservoir along the original riverbed and in the lee of promontories and bars.

Video imagery and bottom photographs provide a higher-resolution view and document
the actual sediment types on the floor of the reservoir. Well-rounded gravel, cobbles, and
boulders observed in many photographs are interpreted to be pre-impoundment deposits
while an unconsolidated mud and sandy-mud drape that was sampled at many stations is
interpreted to be the result of post-impoundment deposition (Figure 1). Gravel, well-
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rounded cobbles, and boulders still remain uncovered by mud on the crests of some bars.
Along the flanks of the bars and in the deeper parts of the reservoir cobbles and boulders
had a thin veneer of sediment that partially covered them. At a few stations the sediment
cover was thick enough that the cobbles were completely buried. Samples show that the
sediment covering the cobbles is mud in the western part of the reservoir and that the sand
content increases slightly in the eastern half of the reservoir.

The results of this survey show a discontinuous thin cover of fine-grained sediment has
been deposited on the floor of this reservoir since impoundment. The sidescan imagery
suggests this fine sediment covers approximately 50 percent of the reservoir floor.
Assuming this sediment is on average 5 cm thick (based on video and sampling), the
volume of post-impoundment sediment is approximately 3 Mm?>. This volume is small
relative to the storage capacity of the reservoir, the influence of up-river dams on the
sediment load provided to this reservoir and the importance of local sediment sources to
this reservoir are needed to better understand the effectiveness of this reservoir as a
sediment trap.
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Figure 1. Orthophotograph taken prior to construction of the John Day Dam (A) and
sidescan sonar image from the same area (B). The presence of roads and the alluvial fan in
the sidescan image indicates that the floor of the reservoir has not been significantly
modified since construction of the dam. The photographs show well rounded cobbles (C),
often with a thin veneer of finer sediment (D through G) exposed on the reservoir floor.
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WARRENTON BOREHOLE - SEDIMENTATION RATES

Diana L. Baker, Portland State University

CONCLUSIONS

The Lower Columbia River valley underwent a period of high sedimentation between
13,300 and 8,000 years before present. During that time period approximately 85 m of
sediment accumulated at the site of the Warrenton borehole. The average sedimentation
rate was 17 m/ka. The sedimentation rates then substantially decreased during the last
8,000 years to an average of 2.1 m/ka. This may suggest a lack of basin accommodation
space for this later period.

ACCOMPLISHMENTS

In 1999 a 123 m deep borehole was obtained at the mouth of the Columbia River in
Warrenton, Oregon. In 1999, ten C!* AMS dates were obtained to constrain
sedimentation rates. These dates have been augmented by 5 new C!'* AMS dates obtained
in October 2000 (Figure 1). This core represents a time interval of 13,300 years.

Preliminary sedimentation rates were then calculated for five distinct intervals of time
picked on the basis of a change in slope of the sedimentation curve.

QUESTIONS
What are the sediment fill rates for the Lower Columbia River valley?

+ Age dating the summer 2000 vibracores (Vanderburgh et al., this volume) and
integrating the data with the Warrenton Borehole data will be required to
recalculate the sediment fill rates for the Lower Columbia River valley. The
recalculations of Columbia River basin fill rates will require:

* New isopach mapping of the Missoula flood(s) deposits.

* Integration of the Grays Harbor sea level curve and the Columbia River
basin sediment level curves.

* Application of the newly constrained sedimentation rates to basin depth/
volume curves for the Lower Columbia River Valley.

ANALYSIS

Preliminary sedimentation rates have been calculated for five distinct intervals of
sedimentation picked on the basis of a change in slope of the sedimentation curve. The
intervals and sedimentation rates are included in Table 1. The sedimentation rates
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calculated here can be compared to the sedimentation rates determined by Peterson and
Phipps (1992) for Grays Harbor. The sedimentation rate for the first 3,000 years from the
Warrenton core, 5.7 m/ka, appears to lag behind sedimentation observed at Grays Harbor.
For the time period between 10,100 and 7,980 years before present a sedimentation rate of
31.6 m/ka exceeds that of Grays Harbor. During the next 5,000 years, the sedimentation
rate for the Warrenton core slows to a mere 1.3 m/ka. This sedimentation rate is slightly
lower than that of Grays Harbor. Sedimentation increases again to 7.1 m/ka during the
next interval from 3,120 to 2,350 years before present. During the last 2,350 years the
sedimentation rate has again slowed to 1.9 m/ ka. Both the Warrenton and Grays Harbor
data sets suggest a substantially lower sedimentation rate for the last 8,000 years
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Table 1. Warrenton Sedimentation Rates.

Years Before Sed
Present Rate
(m/ka)

13,300 to 10,100 5.7

10,100 to 7,980 31.6
7,980 to 3,210 1.3
3,210 to 2,350 7.1
2,350t0 0 1.9
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Figure 1. Grays Harbor sea level curve (Peterson and Phipps, 1992) and the sea-level curve
derived from the Warrenton borehole.
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PRELIMINARY RESULTS OF THE COLUMBIA RIVER ESTUARY
VIBRACORING STUDY

Sandy Vanderburgh, University College of the Fraser Valley
Curt Peterson, Portland State University

Diana Baker, Portland State University

Dave Qualman, Portland State University

Jeff Heeren, Portland State University

Dave Percy, Portland State University

Rebecca Treat, Portland State University

PRELIMINARY CONCLUSIONS

The study results indicate that a bay-head delta has prograded down river from the
Clatskanie Floodplain Reach to the Woody Island Reach of the lower Columbia River
estuary in late Holocene time. A lack of basin accommodation space in the bay-head delta
islands of the Woody Channel Reach is demonstrated by the dominance of lateral channel
migration during the latest-prehistoric time period. The delta front, or central bay depo-
center, has been located in the lower Cathlamet Bay, Grays Bay, and Taylor Sands shoal
region for the last part of the Holocene. Inter-tidal sand shoals and deeply incised tidal
channels demonstrate active sand flux and minimal accommodation space in the central
bay area at present. Fine-grained sediments in this portion of the estuary are winnowed-
out of the central bay shoals by wind wave re-suspension superimposed on ebb surface
flow. Downstream of the delta front (west of the Astoria Bridge) basin accommodation
space is transitional to the tidal inlet. Thin sand veneers over the Skipanon Channel
entrance, Youngs Bay and Chinook Point flats, and over the entrance to Baker Bay, argue
for limited accommodation space in the marginal bays prior to any early-historic sand
influx. The potential thickness of the lower central-bay sand shoals (Desdemona and
Taylor Sands) was not addressed in this shallow vibracore study.

ACCOMPLISHMENTS
Four major objectives were proposed and completed for this study:

1) Ground-truthing of historic bathymetric change maps of the lower estuary (Baker Bay,
Youngs Bay, Grays Bay, Taylor Sands, Cathlamet Bay, and Woody Islands) was
conducted. The Desdemona Sands were not cored to sufficient depth due to wave-
compacted sands.

2) In order to establish sediment composition in late prehistoric, early-historic, and late-
historic deposits, approximately 30 cores were drilled to prehistoric deposits, while all

of the cores recovered modern deposits.

3) At least 30 cores collected during the study contain abundant woody material and peat
and/or shell fragments for radiocarbon dating to establish prehistoric sedimentation
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rates. Subsidence events dating prehistoric earthquakes were observed in 10-15 of the
core sites.

4) Analysis of historic time intervals was facilitated by the collection of about 20 cores
that exhibited muddy upper sections that can be used to search for anthropogenic
tracers, e.g., Cs137, and other radioisotopes, organic byproducts, and trace metals, that
may serve as historic timelines.

Data Collection

A total of 44 vibracore sites and 3 cut-bank sections were analyzed in order to obtain
representative stratigraphic sections from the upper, middle, and lower reaches of the
Columbia River estuary (Figure 1). Vibracoring was performed with 7.5 cm diameter
aluminum pipe and a boat-mounted drill platform (Figure 2). Average vibracore
penetration depths of 5 m (lower reaches) and maximum penetration of 7 m in floodplain
settings (upper reaches) were obtained. All vibracore and cut-bank sites were mapped
using global positioning systems with 2-5 m horizontal resolution (real-time). Water
depth and time were also recorded for calibration of deposit surface to MTL (mean tide
level) with NOAA predicted tide tables.

Approximately 200 m of core was logged to within 1-cm resolution during the field study.
Cores were logged for lithology, sedimentary structures, sand grain-size, woody
fragments, shell fragments, and paleo-liquefaction structures. All core sections were
labeled, digitally photographed, and recorded in a database. An average compaction of
1.3 m, or 20 percent, was identified for the core samples and core recovery was generally
greater than 90 percent. In addition, 60 radiocarbon samples were collected. The C14 and
core samples are currently archived in the Geology Department at Portland State
University.

A preliminary field report of the vibracoring study was submitted to the U.S. Geological
Survey, Coastal and Marine Geology Program, at the end of the field season. The study is
currently being prepared for publication as a USGS open-file report.

QUESTIONS

Radiometric age dating is required to delineate timelines of prehistoric and historic
sedimentation rates. The core samples contain several different prehistoric time-marker
horizons including Cascadia earthquake subsidence horizons, tephra layers, flood
deposits, and/or gross-lithologic changes that can be C14 dated. Early historic timelines
that might be apparent in the cores include Corbicula fluminea bivalves (early 1900s),
sawn lumber or artifacts, and oxidized core tops (recent bioturbation). Can early historic
timelines also be established from introduced pollens, diatoms, and anthropogenic
geochemical tracers in the muddy sections?

Can additional vibracoring identify the lower Columbia River estuary as a sediment sink
or source?
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In addition to establishing recent basin sedimentation rates, the prehistoric-historic
transitions should also be of interest to environmental studies. For example, can the cores
be used to establish background contaminant levels, pre-impoundment bio-productivity
(macro- and micro-fossils), and local substrate conditions of oxidation/reduction,
permeability, etc.?

Radiocarbon dating is also needed to constrain the ages of late-prehistoric channel
migrations, the tephra layers, and the catastrophic flood-sand layers in the Clatskanie and
Puget Island sites. Future vibracoring in upriver floodplains is warranted to establish
event correlation with source tributaries, volcanic centers, etc. Diatom analysis and/or
radiocarbon dating will be required to establish historic sedimentation rates in the more
uniform deposits of the Desdemona and Taylor Sands, and Cathlamet Bay deposits. Is it
possible to resolve the relative age and origin of the coarser sand fractions in the lower
estuary channel axes using deeper vibracores (USACE shipping channel)?

ANALYSIS

The study findings suggest that basin accommodation space in the lower Columbia River
estuary is limited, i.e., shallow tide flats, shoals, central islands, and lateral accretion
floodplains dominate the surficial geomorphology. Wind wave re-suspension in the lower
tidal basin erodes exposed shoal tops to just below MLLW (mean lower low water), giving
the appearance of more accommodation space than does actually exist. Deep channels
(10-15 m) are incised into shoals of the central bay area, or are pinned against valley-wall
hard-points. Some secondary channels located adjacent to dredge disposal sites
(Cathlamet Bay and the Woody Island Reach) have shallowed dramatically (2-7 m) since
the most recent bathymetric charts. However, the distal channels (shoreward of the
islands) show relative stability or slight erosion, and little or no shallowing relative to the
latest bathymetric updates. In contradiction to the geologic 'late-stage' filling of the lower
tidal basin (Baker, this volume), the modern shorelines show little or no progradation.
Wind-wave erosion has produced modern scarps (>0.5 m) around most of the exposed
shorelines. The dominant process appears to be channelized sediment throughput, rather
than shoreline ravinement or tidal flat progradation.

Stratigraphy

The lithologies of the shoals, open bays, and island platform deposits in the lower
Columbia River tidal basin are sand-dominated. Modern surface deposits are relatively
similar to early historic and late-prehistoric deposits in most of the central bay settings.
Modern tidal flats from the exposed areas of Grays Bay, Taylor Sands, and Cathlamet Bay
are dominated by active wind wave re-suspension superimposed on tidal currents. No
seasonal mud drapes were preserved on any of the exposed shoals and burrow openings
are uncommon in most of the central bay tidal flats. Wave compacted sand was
experienced during vibracoring of the shoal tops (+0.5 m MLLW = <I m penetration) but
not in deeper shoal margins (-0.5 m MLLW = 2-3 m penetration) in the Taylor Sands and
Desdemona Sands. Clay-rich accretionary bank deposits were not observed in channel
margin vibracores from central bay areas and few mud laminae were identified in FU (fine
upper)-MU (medium upper) sand. Occasional, thin, mud laminae were observed in
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fining-upward sand units of the Woody Island Reach, Cathlamet Bay, and Grays Bay.
Mud laminae (drapes) are present but uncommon in deeper (3-4 m subsurface) sand
sections of Taylor Sands and Desdemona Sands (Figure 3).

Muddy surfaces of prehistoric islands, and floodplains down river of the Clatskanie Reach
are shallow (1-4 m), and underlain by tidal flat or channel sand. The thickest mud units
(>1 m) in the lower Columbia River tidal-flat settings are restricted to (1) back-bay delta
heads (Youngs Bay, Grays Bay), (2) wind-protected shorelines (Baker Bay), and (3)
abandoned channels protected by windward shoals (Cathlamet Bay). Mud caps on
floodplain surfaces of the Clatskanie and Woody Island Reaches rapidly thin to the north,
indicating northward migration of the main channel in latest prehistoric time. Latest-
prehistoric channel migration is indicated by distinctive landforms such as translational
bar forms, oxbows, and drainage channels.

Organic-rich tidal-flats deposits change color from black (down river of Tongue Point) to
gray (upriver of Cathlamet Bay). Mica is an abundant trace mineral (3-5 percent) down
river to Cathlamet Bay, but limited (<1 percent) in the Taylor and Desdemona Sands area.
Shell fragments are uncommon throughout the study area. Bivalve fragments (razors,
cockles, sand dollars, etc.) are absent in cores from the Desdemona Sands where beach
and inlet facies are delineated. By contrast, razor clam shell fragments were observed in
dredge spoils from Baker Bay Sand Island. The overall distribution of sand, mud, and
organic-rich deposits define three facies in the open-bay shoals of the lower tidal basin,
i.e., (1) fluvial-tidal facies upriver of Tongue Point, (2) tidal-fluvial facies between Tongue
Point and Chinook Point, and (3) tidal inlet facies west of Chinook Point.

Oxidation zones that may represent historic sedimentation intervals were observed in the
upper sections of vibracores at several sites in Baker Bay, Youngs Bay, and Grays Bay. At
least one such transition occurred just below an in-situ Corbicula fluminea bivalve.
Coseismic subsidence features are apparent but uncommon in the cores. Coseismic
subsidence sequences are restricted to the back-bay settings of Grays Bay, Cathlamet Bay,
the Woody Island Reach, and the Clatskanie floodplain. At least 3-4 coseismic subsidence
events are recorded in the Clatskanie floodplain (Figure 4). Cut bank exposures of buried
peat horizons were measured in Grays Bay, and the Woody Island Reach. The western-
most record of buried peat horizons is from the Clatsop vibracore site and cut-bank site
east of the Skipanon channel; buried peats overlain by thin sand layers are an indication of
co-seismic subsidence events followed by a tsunami. A cut-bank section at the Skipanon
entrance contains a 3-cm thick tsunami sand layer above the latest buried peat (1700 AD
event?) and a discontinuous tsunami sand laminae above the second buried peat (1,100
yrbp event?).
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Figure 1. Location of core sites and cut-bank sections in the lower Columbia River estuary.

Figure 2. Vibracoring apparatus used in the study.
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Figure 3. Core sample of the Desdemona Sands taken near the mouth of the Skipanon
Channel (CRSK-03, 0.0-1.50 m depth). Note abundance of sand and few mud laminae.

Figure 4. Core sample of the Clatskanie Floodplain (CRCF-04, 1.5-2.2 m depth). Dark line
shows the transition from floodplain mud to paleo- floodplain surface. Top of core
represents a coseismic subsidence event.
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SEPARATING HUMAN AND CLIMATE IMPACTS ON COLUMBIA RIVER
HYDROLOGY AND SEDIMENT TRANSPORT

David A. Jay, Department of Environmental Science and Engineering, Oregon
Graduate Institute

Pradeep Naik, Department of Environmental Science and Engineering, Oregon
Graduate Institute

CONCLUSIONS
Analyses of river flow and sediment transport records for the Columbia River and other
climate data suggest the following:

1) The mean flow of the Columbia River is now about 16 percent smaller than it was in the
latter part of the 19™ century. The change is due to climate change (~9 percent) and
water withdrawal (~7 percent).

2) Spring freshet peak flows are now ~44 percent less than they were before 1900, and
peak flow occurs 14-30 days earlier. Flow regulation is the primary reason for the
decrease in maximum freshet flow. Climate, flow regulation, and irrigation depletion
have all contributed to the change in freshet timing.

3) Major decreases relative to late 19th century levels have occurred in Columbia River
annual average total sediment (~60 percent) and sand discharge (70 percent). These
decreases appear to be due primarily to the decrease in freshet flow. These estimates,
prepared using a model based on limited observations, are sensitive to historical
changes in the supply of fine sediment.

4) Because of the non-linear dependence of sediment transport on flow, changes in
sediment transport cannot be apportioned precisely between human and climate
influences. Climate impacts on sediment load are, however, modest in comparison to
those of flow regulation and water withdrawal.

5) The occurrence of overbank flow has decreased drastically, because revetments have
increased the flow level necessary to cause overbank flow at the same time that climate
change and human impacts have reduced the incidence of high flows.

6) Flow regulation for flood control and power generation has greatly changed the
spectrum of Columbia River flow, decreasing energy at periods longer than a few
months and increasing it at shorter periods.

7) There are three “styles” apiece for Columbia River spring and winter freshets. Climate
change projections suggest that several of these freshet styles will become less common
if the climate warms. One style of winter freshet may, however, become more
prominent.
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ACCOMPLISHMENTS

Our studies provide the most detailed study to date of Columbia River hydrology. They
include implications of climate processes for flow and sediment transport, changes in
disturbance frequency and the flow power spectrum, and separation of human and climate
influences.

QUESTIONS
A study of this sort inevitably raises as many questions as it resolves. Amongst the issues
still to be considered are the following:

1) Historical changes in the estuarine current, salinity and sediment transport regimes
remain poorly understood. Understanding them will require a combination of historical
data analyses, numerical modeling, and new observations.

2) The fate of the sediment no longer supplied to the estuary is unknown.

3) Historical changes in the system’s tidal-fluvial interactions have not been analyzed.
Considering the role of tides in sediment transport and the fact that power peaking
cycles at Bonneville Dam create a "pseudo-tide" propagating down river, this issue
deserves attention.

4) Changes in export of sediment from the estuary to the ocean are not understood. These
stem directly from changes in sediment supply to the estuary, and indirectly from
alteration of estuarine topography and circulation processes. The latter are in part
driven by changes in river flow.

5) Historical changes in the quality of sediment supplied to the estuary have not been
defined, but may have substantially impacted the estuarine ecosystem, whose food web
is based on detritus captured in estuarine turbidity maxima.

ANALYSIS

Strategic Considerations

Distinguishing human and climate impacts on flow and sediment transport is a key aspect
of a range of issues in the Columbia River and its estuary, from restoring salmon runs to
managing dredged material and coastal erosion. The work described here has sought to
understand the impacts of hydrological changes on juvenile salmonids and on sediment
supply to the estuary. Achieving the desired understanding of human and climate effects
requires confronting three conflicting methodological issues. The first is the disparity
between the relatively modest changes in river flow that have occurred and the very large
historical ecosystem response. This suggests that it is necessary to seek points where
climate or human-induced changes are amplified by the ecosystem. One example of this
leverage is the effect of sediment transport on salmonids and the ecosystem that supports
them. Because of threshold effects and the non-linear relationship between flow and
sediment transport, small fluctuations in climate or changes in flow regulation cause large
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changes in the timing and magnitude of sediment transport, overbank flow, and perhaps in
visually-based predation. The quality of the sediment input, important to its utilization by
the estuary, has also been affected. Bottom et al. (2001) have attempted to understand
how changes in hydrology and salmonid life-history diversity have interacted to cause the
observed major decreases in Columbia River salmonid populations.

Another issue, an especially vital one for management purposes, is the separation of the
anthropogenic and climate impacts in a non-linear system. The incidence of overbank
flow and its impacts on salmonid floodplain access and the supply of organic matter and
large woody debris to the estuary is a good example. Either flow regulation or climate
change alone would individually have caused much smaller changes in overbank flow
than the two have together. How then do management agencies assign “cause and effect”
and apportion mitigation expenses? Finally, there is the problem of multiple time scales.
Columbia River flow and sediment transport are subject to climate fluctuations on scales
both long and short relative to the 140-year flow record available. Human management
has substantially altered key parts of the flow spectrum, changing the energy at
frequencies between about two years and a few hours. In this circumstance, there is not a
unique definition of the historical base or of human and climate changes therein.

Separation of anthropogenic and climate effects on Columbia River hydrologic processes
has been facilitated by definition of three measures of river flow (Figure 1):

* Observed flow - the flow actually observed at a gauge, available on a daily basis
for 1878 to present.

» Estimated adjusted flow - the observed flow corrected for reservoir manipulations
calculated by the U.S. Geological Survey on a monthly basis for 1878-1999 as per
Orem (1968).

 Estimated virgin flow - an estimate of the river flow as it would be without human
alteration; i.e., the observed flow corrected for irrigation depletion and return
flows, as well as for reservoir manipulation (Bonneville Power Administration,
1993; Naik and Jay, in review).

The effects of climate fluctuations and change can be seen in the virgin flow time series,
independent of human perturbations. Comparison of the virgin and adjusted flows allows
evaluation of the effects of irrigation depletion. The difference between the adjusted and
observed flows quantifies the impacts of reservoir manipulations. The total change due to
the combination of human and anthropogenic effects can be seen by comparison of the
pre-1900 virgin flows with the contemporary observed flows. Because of the non-linear
dependence of sediment transport on flow, there is no unique decomposition of the
changes in sediment transport into human and climate effects. It is evident, however, that
climate effects have made only a modest contribution to the total changes to sediment
transport over time.

40



The differences in the time scales of human alteration and climate fluctuations/change can
be dealt with by averaging over different time scales. Thus for example, the climatic
"present" has been defined as the period since 1945, which encompasses one full Pacific
Decadal Oscillation (PDO) cycle plus (perhaps) the beginning of a new cold PDO phase.
The pre-development climate regime is conveniently described in terms of averaging of
the data before 1900. In terms of management, there are three periods: a) the nearly
unaltered hydrologic regime that prevailed before 1900, b) the intermediate phase of
irrigation development and dam building from 1900 to 1970, and c) the contemporary
period (after 1970) of highly centralized hydrologic management.

The hydrologic issues discussed in the following paragraphs are considered in greater
detail by Naik and Jay (in review, in prep.) and Jay and Naik (in prep.).

Setting and Climate Influences

The Columbia River has the largest annual flow (ca. 7,300 m’s! at the mouth) of any river
on the Pacific coast of North America. Its annual average sediment discharge (ca.
10 million m tons yr'l) is not unusually large, however, and is exceeded by several other
western rivers. For hydrologic purposes, the Columbia River basin can be divided by the
Cascade Mountains into western and interior sub-basins. The interior sub-basin (with 92
percent of the surface area and three-quarters of the flow) is, aside from its Canadian part,
relatively arid. The Canadian component of the interior sub-basin supplies almost half the
total flow of the interior sub-basin from only one-quarter of the total surface area. Almost
the entire interior sub-basin flow passes the gauge at The Dalles, which has the longest
daily flow record on the U.S. west coast (1878-present). The western sub-basin contains
only 8 percent of the basin’s area, but contributes about one-quarter of the flow. The
Willamette River, a major tributary to the Columbia River, is typical of the western sub-
basin; the flow record at Albany extends from 1892 to present.

Cyclical climate phenomena exert a strong influence on Columbia River hydrology.
Although the history of climate fluctuations in the region during the 19t century is
unclear, the effects of two cyclical processes were quite prominent throughout the 20t
century:

a) The Pacific Decadal Oscillation has a cycle that lasts 40-60 years and has likely
been active for at least 300 years (Finney et al., 2000). The cold phase of the PDO
(e.g., 1945-1976) has generally high river flow (Mantua et al., 1997), whereas low
river flows prevail during the warm phase (e.g., 1977 to 1995). A new cold phase
may have begun about 1996.

b) Indices of the El Nifio-Southern Oscillation (ENSO; typically 3-7 yrs in
duration) are also correlated with Columbia River flow (Redmond and Koch,
1991; Kathya and Dracup, 1993; Dracup and Kathya, 1994). The PDO and ENSO
cycles interact such that El Nifio years are most intense during the warm PDO
phase and La Nifia years during the cold PDO phase (Gerushonov et al., 1999).
The average annual Columbia River flow at The Dalles is 111 percent of normal
during cold PDO-La Nifia years, whereas it is only 85 percent of normal during
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warm PDO-EI Nifio years. The corresponding figures for the Willamette River are
119 percent and 81 percent (Figure 2).

Flow fluctuations are amplified by fluvial sediment transport, because sediment transport
varies more than linearly with flow (Figure 3). Total sediment load during cold PDO-La
Nifia years is >200 percent of that during warm PDO-EI Nifio years in both the Columbia
(at Vancouver) and the Willamette Rivers. Furthermore, climate effects on sand transport
are even stronger than those on total sediment load.

The Columbia basin's climate response is conditioned by its position within a latitudinal
band of strong response to both the ENSO and PDO cycles. The flow per unit area is
much larger in the western than in the interior sub-basin, and latitudinal differences in the
timing of smowmelt influence spring freshet properties. Still, there are only modest
variations across the basin in response to ENSO or PDO forcing.

Annual Average and Freshet Flows

Changes in annual average flow are an integral measure of system alteration. The mean
annual average Columbia River flow at The Dalles has decreased ca. 17 percent from
6,320 ms™' (1879-1899 estimated natural or virgin flow) to 5,250 m’s™! (1970-1999
observed flow). A ~9 percent decrease is due to climate change, and ~8 percent is due to
irrigation depletion and reservoir manipulation.

Spring freshet timing, strength and duration are quite important to downstream migrant
juvenile salmon as well as to sediment supply to the estuary and coasts. Spring-freshet
properties have been much more highly altered than the mean flow. The average natural
or virgin flow for the spring-freshet season (May- July) was ~13,600 m?s™! before 1900.
This has decreased by ~5,870 ms’! (43 percent) to 7,740 m’s!, with most of this
reduction (26.5 percent) due to flow regulation, 11 percent due to irrigation depletion, and
5.6 percent due to climate change. Thus, freshet-season flow at The Dalles is now only
148 percent of the current (reduced) mean flow, while it was 215 percent of the higher 19t
century flow. Flow regulation and the annual irrigation cycle have also increased fall and
winter flows, the latter because of pre-release of water before the freshet.

The observed maximum daily spring freshet flow has been reduced slightly more than
freshet season flow, from 19,300 m’s™' (1858-1899) to 10,870 m’s™' (1970-1999), a
decrease of 44 percent. This is a change from 305 percent to 207 percent of the mean
flow. The timing of the maximum spring freshet flow has also changed. Maximum daily
spring freshet flow now typically occurs about two weeks earlier than during the 19th
century, at water year-day 241 (May 28) instead of at water year-day 256 (June 12).
Continuous wavelet transform analysis suggests a larger change in timing of about a
month. The difference between the two estimates of freshet timing is related to the change
in shape of the freshet hydrograph, which has been made more prolonged by flow
regulation. Specifically, there is now pre-release of flow prior to the freshet peak and de-
synchronization of freshet peaks in the various sub-basins.
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Changes in the western sub-basin have been similar to those in the interior sub-basin, and
are exemplified by the Willamette River. The observed annual average Willamette River
flow at Albany has decreased from ~460 m>s™! for 1893-1900 to ~390 m’s™! for 1970-
1999, or ~15 percent. Late summer and fall (August to December) flows have been
augmented, whereas average monthly flows during the January to July periods have
decreased.

There has been a change in average annual flow at the mouth that mirrors changes in the
two sub-basins. The long-term average flow at the mouth of the Columbia River is
7,300 m3s™! (1892-1999). The value of the Columbia River flow at the mouth prior to
1900 was ~8,530 m3s'1, and has decreased to ~7,080 ms™! (1970-1999).

Changes in Sediment Transport

Hindcasts of total sediment load and sand transport have been made using a rating curve,
based on 8§ years of sediment transport data collected during the 1960s (Haushild et al.,
1966; Hubbell et al., 1971). These hindcasts suggest that average sediment transport from
the interior sub-basin has decreased from ca. 21 million metric tons (1858-1878) to ~8
million metric tons (1970-1999), a reduction of ~60 percent. Hindcast sand transport was
>10 million metric tons for 1858-1899, which has decreased to 3.2 million metric tons, a
reduction of ~70 percent. Most of the reduction in interior sub-basin sediment transport is
related to the dam system, especially reduced spring freshet flow. Hindcast Willamette
River total sediment transport for 1893-1903 was 2.4 million metric tons, whereas it was
only 1.5 million metric tons for 1970-99, a reduction of ~35 percent. It is unclear whether
sediment transport in the Willamette has been less affected by flow regulation, or whether
the absence of flow data for the 1878-1892 period of very high flows has skewed the
result.

Disturbance Frequency and Freshet Styles

The frequency and magnitude of disturbance to the river system by major floods is
important both to salmonids and society. The historic bankfull flow level of the Columbia
was ~18,000 m3s”! for the mainstem below Vancouver. Modern bankfull level is set by
the standard project flood level of ~24,000 m3s™! for the lower river. Some overbank flow
occurred in multiple years before 1900. Flow regulation and water withdrawal have made
overbank flow (above 24,000 m? s'l) rare, with significant events occurring only five times
since 1948 (Figure 4). Climate is a secondary factor with regard to the incidence of
overbank flow. Overbank flow is now rare even during cold PDO phases, and it was
totally absent during the last PDO warm phase (1977-1995).

Flow regulation for flood control and power generation has greatly changed the spectrum
of Columbia River flow. Low-frequency flow variations with periods between ~2 yrs and
6 months have been suppressed by the dam system, whereas high frequency variations
associated with power peaking have been greatly augmented. The daily power peaking
cycle also perturbs the diurnal (daily) tidal signal in the river, essentially creating an
artificial tide that propagates seaward from Bonneville Dam. This pseudo-tide interacts
with river flow and may affect mainstem spawning of salmonids below Bonneville Dam.
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The flow cycle is different each year, but there are three recurring styles of spring freshets:
a) a large winter snow pack without exceptional spring rain (e.g., 1974 and 1997), b) a
normal winter snow pack with very high spring rainfall (e.g., 1948), and c) a large winter
snow pack combined with very high spring rainfall (e.g., 1894). The largest known
freshet (1894) was of type c), and the second largest (1948) was of type b). There are also
three types of winter freshets, based on the source of the flow: a) western sub-basin only,
b) interior plus western sub-basin, and c) interior sub-basin only. All winter freshets are
generated by rain-on-snow events, and the largest known freshets (e.g., 1861, 1881 and
1892) involved both sub-basins. To date, there has only been one example of a winter
freshet that affected only the interior sub-basin (1934), and this example is not perfect,
because part of the western sub-basin in Washington was affected. The Canadian portion
of the interior sub-basin is not usually affected by winter floods.

Effects of future climate change

Although climate effects on hydrology have been and will likely remain over the coming
decades smaller than those of human manipulation, it is still vital to consider how climate
will constrain future management. Climate projections covering the study area (e.g,.
Hamlet and Lettenmaier, 1999; Miles et al., 2000) suggest gradual regional warming,
possibly accompanied by higher precipitation, especially in winter. This would likely lead
to increased incidence of winter freshets (especially those involving snowmelt in the
interior sub-basin) and lower natural spring freshet flows. These changes would
exacerbate conflicts over water supply during the critical spring freshet period, by
increasing demand and decreasing natural flows. If the climate regime shifted back to a
cold PDO regime (ca. 1996), however, the impact of longer term climate change may be
delayed 20-30 years. Also, because rain-on-snow events are particularly good at causing
erosion of poorly vegetated soils (Waananen et al., 1971), an increased incidence of winter
freshets may cause an increase in fine sediment transport in the system.
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Figure 1. Comparison of the monthly averaged Columbia River interior sub-basin virgin,
adjusted and observed river flow estimates from the period 1970-1999. Flow regulation and
irrigation depletion have greatly decreased spring and summer flows (May to August), while
increasing flows from September to March.
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Figure 2. The ENSO/PDO response of interior sub-basin flow at The Dalles.
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Figure 3. The ENSO/PDO response of interior sub-basin total sediment load; climate effects
on flow are amplified in the sediment transport, because of the non-linear dependence of

transport on flows.
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Figure 4. The incidence of flows at Beaver >18,000 m3s™ (the pre-1900 estimated bankfull
flow level) and >24,000 m3s- (the present bankfull flow level). The present bankfull flow
level has only been exceeded in four years since 1948.
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MOUTH OF THE COLUMBIA RIVER - TRENDS IN SEDIMENT MANAGEMENT

Rod Moritz, U.S. Army Corps of Engineers - Portland District

ANALYSIS

Mouth of the Columbia River Navigation Project

The construction of jetties during 1885-1917 pushed the ebb-tidal shoal offshore,
supplying a large volume of sand to adjacent shore areas. The result was long-term
accretion of shoreland near the mouth of the Columbia River (MCR). At present long-
term accretion is giving way to shoreline recession as waves and currents act to establish
equilibrium with the displaced ebb-tidal shoal. What appears to be widespread erosion
within the Columbia River littoral cell (CRLC) is very likely a localized re-distribution of
accreted sand due to the dynamic estuary entrances of the Columbia River, Willapa Bay
and Grays Harbor.

Currently, most of the sand dredged during annual maintenance dredging of the 8 km [5
mile] long MCR navigation channel originates from the ebb-tidal shoal or from deposits
within the river mouth. After several decades of waves and currents transporting sand off
the ebb-tidal shoal, the western edge of the shoal has migrated to the north and offshore.
The crest of the ebb-tidal shoal, Peacock Spit, has been reduced in elevation. The
migration and reduction of the ebb-tidal shoal at MCR has resulted in shoreline migration
(re-distribution of accreted sand), as noted above. The potential for shoreline erosion
elevates the long-term management of sand dredged from the MCR channel as a relevant
issue. What has been the disposition of sand dredged from the MCR channel, and could
erosion of the ebb-tidal shoal (erosion of shoreline) be attributed to dredging-disposal
practices at MCR? Based on a brief summary of dredging-disposal at MCR, the answer to
the above appears to be "no" for the following reasons:

1905 -1950: The MCR channel was maintained at a shallower depth than at
present and dredging of the MCR channel was sporadic. Whenever dredging of
the MCR channel was conducted, all dredged sand was placed either in a high flow
area of the estuary or on the ebb-tidal shoal.

1950 - present: About 5.2 Mm? [4 million cy] of sand is dredged annually from the
MCR channel with two-thirds of all sediment dredged at MCR having been placed
within the active sediment transport zones of the Columbia River mouth or
adjacent nearshore (littoral) areas (i.e., depth less than 18 m [60 ft]). Based on
recent bathymetric surveys, it appears likely that most of the dredged material
placed in water depths up to 30 m [100 ft] is being transported by waves/currents
along the ebb-tidal shoal. This means that close to 90 percent of all sediment
dredged from the MCR project has been placed at a location which directly or
indirectly benefits littoral areas of the Columbia River littoral cell (CRLC).
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1997- present: 90 percent of sand dredged from the MCR channel (or 14.4 million
m? [11 million cy]) has been placed at two highly dispersive nearshore sites
located on the ebb-tidal shoal: ODMDS E and the North Jetty site. The objectives
of using these sites are to abate erosion of the ebb-tidal shoal, provide an efficient
method for re-introducing sand into the littoral system north of MCR, and protect
the North Jetty from scour. To date, 80 percent of all material placed at these sites
has been dispersed out of the sites. Less than 10 percent of the material placed has
been transg)orted into the MCR channel. Results indicate that since 1997, 10
million m” [7.7 million cy] of sand dredged from the MCR has been (re)
introduced onto the ebb-tidal shoal, and ultimately into the littoral system.

Based on the dredging-disposal history at MCR, it appears that the past practice of
dredging sand from the MCR channel and placing it at various locations on the ebb-tidal
shoal has helped to maintain the ebb-tidal shoal and abate erosion of the adjacent
shoreline. Continued utilization of ODMDS E and the North Jetty site should enhance this
desirable effect.

SUGGESTIONS FOR THE SOUTHWEST WASHINGTON COASTAL EROSION
STUDY: TOPICS FOR DISCUSSION

While highly desirable for littoral management of MCR sand, continued utilization of
available nearshore sites for MCR dredged material placement is uncertain due to capacity
limitations. To leverage opportunities for continued littoral management of sand dredged
from MCR, the following may be considered:

a) The Southwest Washington Coastal Erosion Study (SWCES) should identify
pathways of littoral transport on the ebb-tidal shoal of MCR and on the shore
profile for areas north and south of MCR. If possible, assess various locations for
nearshore (or onshore) dredged material placement in terms of enhancing littoral
availability.

b) The SWCES should form a "monitoring team" which would continue to
function after conclusion of the SWCES. The "monitoring team" would monitor
key coastal areas within the CRLC to improve the understanding of coastal
processes affecting shorelands within the CRLC. The "monitoring team" would
also function as an objective observer for assessing the performance of various
future coastal projects within the CRLC.

Are there shoreline areas within the CRLC, located away from estuaries, that are
experiencing recession? If not, then present conditions within the CRLC indicate that
erosion areas are the result of the dynamics due to estuary entrances: Inference relating
open coast shoreline erosion due to an interruption of Columbia River sediment supply is
probably weak at best. If there are erosion areas located away from the active influence of
estuaries, then what is the likelihood that the shoreline erosion at these areas is due to
large-scale regional processes having influence far beyond the CRLC? To answer this, the
SWCES should examine the CRLC in the larger context of other littoral cells along the
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Northwest coast, particularly in central Oregon, to determine if there is a regional coastal
process affecting shoreline erosion.

What is the status of erosion along Benson Beach? Has the erosion trend changed in the
last 2 years? What is the SWCES view of the enhanced use of ODMDS E.

The concept of large volumes of sand continually being transported from the Columbia
River through the estuary, into the ocean, and onto the adjacent coastal shoreline lacks
validity. Most of the 5.2 million m? [4 million cy] per year of sand which is dredged from
the MCR channel originates from the ocean side of the mouth, basically the ebb-tidal
shoal. Topical reasons:

a) Shoaling within the MCR channel occurs late in summer, when river flow is
lowest. A strong flood tide brings ebb-tidal shoal sediment into the MCR channel.
During years of high river flow, MCR channel shoaling is low and vice versa.

b) Examination of bathymetric differences for the MCR channel over time shows
that the throat of the entrance channel has become wider. This indicates that the
MCR channel shoals from the sides (sediment is supplied by Clatsop Spit and
Peacock Spit ebb-tidal shoal).

¢) The annual average volume of sand dredged from the 8 km- [5 mile-] long MCR

channel is 5.2 million m3/yr [4 mcy/yr]. The annual average volume of sand
dredged from the Columbia River navigation channel, passing through the entire

estuary (upriver from MCR for an extent of 32.2 km [20 miles]) is 7.8 x 103 m3/yr
[6 kcy/yr]. The annual average volume of sediment dredged from the entire
Columbia River navigation channel (161 km [100 miles] upriver from MCR) is 1.5

million m3/yr [8 mcy/yr]. The reason for the above discrepancy is that the ebb-
tidal shoal at MCR is exposed to ocean waves, coastal margin currents, and flood
tidal currents which are very effective at transporting sediment into the mouth
(upstream) from the ocean. Conveyance of sand into the MCR channel from the
coastal margins is high. Within the Columbia River, conveyance of sand-sized
sediment downstream, from the river through the estuary is low compared to
MCR.

Collectively, the above observations indicate that within the last 80 years, the rapid influx
of sand to the coastal areas north and south of MCR has come from the displacement of
the ebb-tidal shoal, most likely due to jetty construction. If this is the case, then the
evolution of MCR sediments (ebb-tidal shoals, etc.) is a key factor for the SWCES to
consider with regard to long-term coastal behavior within the southern third of the CRLC.

It is suggested that very infrequent extremely large flood, seismic, or volcanic events are
the Columbia River’s natural transport mechanisms for moving appreciable volumes of
sand through the estuary and discharging it to the coast. It is also suggested that in a
natural setting, regional processes affecting coastal erosion occur much more frequently
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than does the discharge of sand from the Columbia River to the coasts. In addition,
numerous other locations along the U.S. Northwest Coast have exhibited accelerated rate
of shoreline erosion within the last 2 decades. The SWCES study does not have
reasonable evidence to attribute coastal erosion within the Study area to anthropogenic
effects on the Columbia River system or estuary. If further consideration is needed on
these topics, research should be undertaken within the context of a separate project.

Likewise, it is suggested that the SWCES focus on defining coastal processes that affect
shoreline change: alongshore and cross shore response due to varying wave, wind, and
current conditions, closure depth for varying degrees of environmental forcings, overland
wave run-up and deposition, level of forcing expected from waves and currents, etc.

USACE - Portland District Data Collection Offshore MCR

Concurrent measurement of current, waves, C-T, and bottom suspended sediment
transport at 4 location during 1997-1999. Joint EPA-USACE project. Status of data
collection: Completed. Analysis of the data acquired during the above field data
collection is on going.

Acquisition of bathymetry surveys at MCR, 19.3 km [12 miles] north, and 12.9 km
[8 miles] south; coverage for water depths 7.6 to 54.9 km [25 to 180 ft]. Project sponsored
in part by USGS-SWCES. Status: Completed.

Digital side-scan sonar (SSS) and bottom sediment back-scatter (Roxann) survey at
proposed "deepwater" dredged material disposal site. Coverage is 10.4 km? [4 square
miles] in water depth of 61.0-91.5 m [200-300 ft]. Survey jointly sponsored by EPA-
USACE. Status: Ongoing.

Sediment Trend Analysis covering entire MCR offshore region. More than 1,200 seabed
surface sediment samples obtained. Survey jointly sponsored by EPA-USACE. Status:
Ongoing.

Future Partnerships And Funding Mechanisms
Columbia River General Investigation Study: Start for FY 2001.

The Estuary Restoration Act of 2000: Senate Bill 835, to promote the restoration of
estuary habitat; develop a national estuary habitat restoration strategy; provide Federal
assistance for projects; and develop/enhance monitoring and research capabilities.

Regional Sediment Management: USACE sponsored program intended to develop

federal-state-local partnerships to formulate long-term solutions for managing the
beneficial uses of sediment dredged from federal navigation projects.
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A REVIEW OF COLUMBIA RIVER DREDGING: PAST PRACTICES AND
RECENT PROPOSALS

George M. Kaminsky, Washington Department of Ecology

CONCLUSIONS

1) Currently proposed dredging activities (U.S. Army Corps of Engineers, 1999) in the
Columbia River estuary (River Mile 3-30) and mouth (MCR) over the next 20 years

would remove 12.2 Mm’® (0.6 Mm3/yr) [16 mcy (0.8 mcy/yr)] of sand from RM 3-30

and 30 - 53 Mm’ (1.5-2.6 Mm3/yr) [40 - 70 Mm? (2 - 3.5 mcy/yr)] of sand from MCR
and dispose of this potential resource in the proposed Deep Water Site on the mid-shelf
in 60-90 m [200-300 feet] water depth. Such large quantities of sand losses have
quantifiable impacts to the nearshore and coastal environment, and would contribute to
exacerbated erosion of the coast and nearshore zone.

2) In total over the next 20 years, the Corps has proposed to extract 47.7 Mm? [64.4 mcy]|
from the Columbia River via upland disposal, and between 42.8 Mm® [56 mcy] to
65.8 Mm’ [86 mcy] via ocean disposal at a proposed Deep Water Site in 60-90 m [200-
300 feet] water depth. On average, the total annual amount of sand removed from the
Columbia River, estuary, and nearshore system is equivalent to 5.1 Mm?>/yr
[6.7 mcy/yr]. The estimated sand supply from the upland drainage basin to this system
is approximately 1.5 Mm’? /yr [1.95 mcy/yr], therefore the net sand removal rate is
3.6 Mm’® /yr [4.75 mcy/yr], roughly 3.5 times the sand supply from the drainage basin.

3) Due to flow regulation and up-river dredging, the sand that is removed can not be
replenished in the absence of a catastrophic, unmitigated event such as an extreme flood
or debris flow from a volcanic eruption.

4) The net removal of sand from the system appears to be a practice that has been initiated
only within the last 2 decades. Although the Corps’ Environmental Impact Statement
(EIS) documents do not provide data on the amount of previous upland disposal,
Sherwood et al. (1990) suggests that 49.3 - 100.0 Mm? [64.5 - 130.8 mcy| has been
disposed in upland sites since 1939. Over a period of 50 years, this amount is
approximately 1.5 Mm’? /yr [2 mey/yr]. Gelfenbaum ef al. (1999) estimates that the river
supply of sand during 1935-1958 was 2.6 Mm®/yr [3.4 mcy/yr], suggesting the annual
upland disposal of sand was less than the annual supply. In terms of removal of sand
from the system via deep-water ocean disposal, it appears that as little as 1.0 Mm?
[1.3 mcy] was removed between 1904 and 1955. During 1956-1983, 25.2 Mm® [33
mcy| were disposed in deep water outside the littoral system, an annual rate of 0.9 Mm’/
yr [1.2 mey/yr].

5) Following completion of MCR deepening to 16.7 m [55 feet] in 1984, deep-water
ocean disposal of dredged sands became much more prevalent. From 1984 to 1998,
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34.8 Mm’ [45.5 mcy] were disposed in deep water ocean sites, an annual rate of
2.3 Mm3/yr [3 mcy/yr], over 2.5 times the previous rate during 1956-1983. 1t is
important to note that the net supply of river sand has decreased by a factor of 3 over the
historical period, while the removal of sand has increased by a factor of 2.5, resulting in
a present situation of net sand extraction (deficit) from the system.

6) As the sand supply (that was historically derived from the Columbia River, estuary,
mouth, and nearshore region) to the Long Beach Peninsula declines, the southern
portion of the Peninsula is predicted to undergo net shoreline recession. Preliminary
shoreline modeling results suggest that a net sand supply of 2.2 Mm3/yr [2.9 mcy/yr] is
required to avoid future erosion along the southern Long Beach Peninsula. A reduction
in sand supply to 1.6 Mm3/yr [2.1 mcy/yr] results in a gradient in shoreline recession
ranging from 250 m [820 feet] just north of North Head, to no change at distance 7 km
[4.5 miles] to the north by 2025.

7) Unfortunately, a zero to negative littoral sand supply from the Columbia River is a
plausible scenario due to the deficit of sand created by the removal of sand from the
MCR and the estuary. Preliminary shoreline modeling results indicate that an
elimination of sand supply to Long Beach Peninsula results in a gradient in shoreline
recession ranging from 640 m [2100 feet] just north of North Head, to no change at a
distance 12 km [7.5 miles] to the north by 2025. Moreover the Southwest Washington
Coastal Erosion Study's beach morphology monitoring program has in fact revealed net
shoreline recession along southern Long Beach Peninsula since the program began in
summer 1997.

8) Because the rate of river sand extraction is suspected to be greater than the river sand
supply, it could be assumed that the sand removed from the estuary is primarily sand
that has entered through MCR from the littoral environment. If this assumption is
correct, then the present rates of erosion of the littoral environment would increase in
the future.

ACCOMPLISHMENTS

1) An analytical review of the U.S. Army Corps of Engineers, Portland District, Integrated
Feasibility Report for Channel Improvements and Environmental Impact Statement,
Columbia & Lower Willamette River Federal Navigation Channel (U.S. Army Corps of
Engineers, 1999) has been completed.

2) A report on the Columbia River dredging activities relative to the historical sediment
budget is in progress.

QUESTIONS
1) Assuming that the Columbia River sand supply to the estuary (excluding the effects of

dredging in the river) is 1.4 Mm3/yr [1.8 mcy/yr], how much sand can be mechanically
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extracted from the Columbia River, estuary, and/or MCR without contributing to
erosion (net removal of sand) within the littoral cell?

2) If all dredging in the Columbia River, estuary and MCR were terminated, would there
be greater, equal, or less sand supply to the littoral cell?

3) If it is assumed that the mechanical extraction of sand from the Columbia River and
estuary has no effect on the sand supply to the littoral cell; how much sand can be
removed from MCR (via deep water disposal) without contributing to erosion (net
removal of sand) within the littoral cell (ignoring that the littoral cell includes MCR)?

4) If it is assumed that net removal of sand (via dredging and deep water disposal) from
the littoral cell can not be shown to cause immediate shoreline recession, should it also
be assumed that there is no cause - effect relationship? If it is assumed there is a time
lag in shoreline response to the net removal of sand from MCR and estuary, how long
can the lag time be before a cause - effect relationship becomes questionable?

5) Assuming the sand supply from the estuary to the littoral cell is episodic, occurring only
during large flood events that have a return period of several decades, is the sand
inventory in the Columbia River and estuary essentially infinite, so that the amount
removed via dredging is negligible? If the existing sand source is not essentially
infinite, can these large floods replenish the supply of sand to the lower Columbia River
and estuary, or will there be a net loss?

ANALYSIS

Introduction

The beaches of southwest Washington have been built from sand supplied predominantly
by the Columbia River. With the installation of the Columbia River jetties during 1889 to
1917, the southern Long Beach Peninsula accumulated a large quantity of sand due to the
redistribution of sand eroded from the mouth of the Columbia River (MCR) and the
adjacent nearshore region. Sand supply from the river has declined over the past several
decades due to dam construction and river flow regulation. MCR and the adjacent
nearshore region have continued to erode since the jetties were constructed. Benson
Beach has lost 7.1 Mm’® [9.3 mcy] of sand from 1958 to 1998 due to coastal erosion
(Buijsman et al., in prep). Sand is a critical resource to the beaches of southwest
Washington, and dredged sand from the Columbia River could be used to help mitigate
this ongoing erosion.

Historical Reduction in Sand Supply to the Estuary

Human influence on the Columbia River flow cycle began as early as the 1840s with
irrigation, followed by logging and then dam construction (Sherwood et al., 1990). The
first major dam (Bonneville) was completed in 1933 and the last of the eleven major dams
was completed in 1968. Sherwood et al. (1990) suggest that large-scale regulation of the
flow cycle began in 1969, resulting in a substantial reduction in the variability of the
monthly mean flows. The combined effect of the eleven major dams and over 200 smaller
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dams that were constructed throughout the Columbia River drainage basin during the mid-
1900s has significantly decreased the peak flows and reduced the sediment carrying
capacity of the Columbia River (Sherwood et al., 1990; Gelfenbaum et al., 1999). The
fluvial sand supply to the estuary has decreased from 4.3 Mm3/yr [5.6 mcy/yr] for the
period 1878-1934, prior to significant flow modification by dams, to 1.4 Mm3/yr [1.8
mcy/yr] for the period 1958-1997, a decrease by a factor of 3 during historical times
(Gelfenbaum et al., 1999). Sand may also be directly trapped by some of the dams. For
example, the sediment retention dam on the Cowlitz River, constructed for the sole
purpose of retaining sediment resulting from the 1980 eruption of Mt St. Helens, has
trapped an estimated 50 Mm® [65 mcy] of sediment since it was constructed.

It is possible that only rare flood events on the order of 400,000 cfs or higher are able to
discharge beach-sized sand from the MCR into the littoral system. It could be
hypothesized that because peak floods have been so reduced that the Columbia River has
in effect already stopped supplying sand to the coast. The cumulative effect of removing
large quantities of sand from the river increases the probability for this hypothesis. In the
absence of extreme floods or unmitigated sediment supply from volcanic eruptions, it is
unlikely that a significant quantity of sand can be supplied to the littoral system. The
direct transfer of sand via dredging and disposal in the littoral zone is needed to mitigate
sand deficits attributable to flow regulation and upland disposal of sand dredged from the
navigation channel.

Proposed Sand Extraction from the Columbia River

The present Columbia River fluvial sand supply to the area proposed for channel
deepening (RM 3-105.5) is estimated by the Corps to range between 0.15 - 0.46 Mm3/yr
[0.2 - 0.6 mcy/yr] suspended load and 0.08 - 0.31 Mm3/yr [0.1 - 0.4 mcy/yr] bedload.
[Note: The Corps assumes bedload transport occurs for sand grains greater than 0.18 mm
diameter, and suspended transport occurs for sand finer than 0.15 mm. The mean diameter
of the beach sand along the Columbia River littoral cell is approximately 0.18 mm with a
range from 0.10 mm to 2.0 mm]. The Willamette River sand supply is estimated by the
Corps to be 0.23 Mm3/yr [0.3 mcy/yr], and the Cowlitz River sand supply is estimated by
the Corps to be less than 0.76 Mm’ /yr [1 mcy/yr]. Therefore total fluvial sand supply to
the estuary ranges between less than 1.2 Mm’/yr [1.6 mcy/yr] to less than 1.8 Mm3/yr
[2.3 mcy/yr] an average of 1.5 Mm3/yr [1.95 mcy/yr]. Gelfenbaum et al. (1999) have
estimated the fluvial sand supply to the estuary to be 1.4 Mm3/yr [1.8 mcy/yr] over the
period 1958-1997. In summarizing the proposed 20-year dredged material disposal plan
for the proposed 13.1-m [43-foot] navigation channel, 47.7 Mm’® [62.4 mcy]| will be
disposed in upland sites, equivalent to a sand extraction rate of 2.3 Mm3/yr [3.1 mcy/yr]
over the initial 20 years of the project.

From the above estimates of fluvial sand supply and the amount of sand scheduled for
removal from the Columbia River (excluding MCR and the estuary), the net extraction of
sand ranges from 0.6 - 1.1 Mm3/yr [0.8 - 1.5 mcy/yr], an average of 0.85 Mm3/yr
[1.1 mecy/yr] more than the fluvial supply rate. In addition, a presently unknown but
significant amount of non-federal dredging and sand mining occurs in the area dredged by
the Corps, which suggests that the net sand extraction may be closer to twice the fluvial
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supply. Similarly, the Corps maintenance dredging forecasts suggest that river supply will
not replace the amount of sand dredged from the navigation channel. Over the first
20 years of the proposed 13.1-m [43-foot] navigation channel 3pr0ject, the annual
maintenance dredging forecast declines from around 6.1 Mm’/yr [8§ mcy/yr] to
approximately 2.3 Mm3/yr [3 mcy/yr].

It is worth noting that the estimated fluvial supply rates by the Corps and by Gelfenbaum
et al. (1999) are based on historical data, especially as related to peak river flows. Future
Columbia River peak flows (based on monthly means during the June freshets) are
predicted by JISAO (1999) to decline over the next several decades (due to various human
inventions in the drainage basin), suggesting that the fluvial sand supply will further
decline.

Shoreline Change based on Sand Supply

Shoreline change analysis by the Southwest Washington Coastal Erosion Study
(Kaminsky et al., 2000; Buijsman et al., in prep.) indicates that a supply of 2.7 Mm3/yr
[3.5 mcy/yr] of sand was needed to account for net shoreline advance of the Long Beach
Peninsula during 1958-1998. This sand is presumed to have been supplied from a
combination of sources including erosion of Peacock Spit, erosion of the ebb-tidal delta,
dispersal from disposal Site E, supply from the river during floods, and supply from
erosion of the inner shelf. Continued supply of sand from Peacock Spit and the ebb-tidal
delta (including the Clatsop inner shelf) is likely to be both limited and finite over the next
few decades because these areas have eroded substantially since jetties were constructed
in the early 1900s. As the sand supply to the Long Beach Peninsula declines, the southern
portion of the Peninsula is predicted to undergo net shoreline recession. The coast can not
maintain its existing configuration without the continued supply of sand. This
phenomenon has been initiated at Benson Beach since the 1950s as the supply of sand
from Peacock Spit declined due to its northward migration and dispersal.

Preliminary shoreline modeling results suggest that a net sand supply of 2.2 Mm3/yr
[2.9 mcy/yr] is required to avoid future erosion along the southern Long Beach Peninsula.
However, this supply rate is probably not naturally sustainable in the future decades due to
the ongoing reduction in potential sand supplies. A reduction in sand supply to 1.6 Mm?/
yr [2.1 mcy/yr], results in a gradient in shoreline recession ranging from 250 m [820 feet]
just north of North Head, to no change at distance 7 km [4.5 miles] to the north by 2025.
This future change represents an optimistic scenario in which most of the dredged sand
placed at Site E feeds the beaches immediately to the north, rather than feeding other
compartments in the littoral system, such as the mouth of the Columbia River (MCR), the
estuary, the ebb-tidal delta, Peacock Spit, or the inner shelf. Since the nearshore region of
Peacock Spit and the ebb-tidal delta have been eroding at a rate of 1.34 Mm3/yr
[1.74 mcy/yr] since 1958 (Buijsman et al., in prep.), the 0.76 - 1.76 Mm3/yr [1-2.3 mcy/
yr] placed at Site E (the annual site capacity estimated by the Corps) may only help
counterbalance these ongoing losses. The Corps estimates that 0.2 - 0.3 Mm3/yr [0.3-04
mcy/yr] is needed to counterbalance the erosion of Benson Beach alone. The Corps notes
that within the 1986 boundaries of Site E, a net loss of 0.24 Mm’> [0.31 mcy] occurred
during 1990-1997 despite the disposal of 3.9 Mm’ [5.1 mcy] at the site.
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A zero to negative littoral sand supply from the Columbia River is a plausible scenario.
Future dredging at the MCR and disposal of the dredged sand in deep water will likely
maintain an effective sand trap that accumulates sand from the surrounding littoral
environment. The Corps has suggested that most of the sand dredged at MCR is sand is
transported into the navigation channel from (the submerged area of) Clatsop Spit. The
maintenance of the MCR sand trap may attract more sand from adjacent nearshore sand
bodies than those sand bodies supply to the adjacent coast.

Preliminary shoreline modeling results indicate that an elimination of sand supply to Long
Beach Peninsula results in a gradient in shoreline recession ranging from 640 m
[2100 feet] just north of North Head, to no change at distance 12 km [7.5 miles] to the
north by 2025. A sudden, complete elimination of sand supply in 2001 may not be
realistic due to the continuing (although declining) supply of sand from Peacock Spit and
the inner shelf. However, the effect is none the less certain, and net shoreline retreat along
the southern Long Beach Peninsula would be inevitable in the coming decades.

The Southwest Washington Coastal Erosion Study's beach morphology monitoring
program has in fact revealed net shoreline recession along southern Long Beach Peninsula
since the program began in summer 1997. Beach profile data at the 4 southern transects
(PC008, PC025, PC004, and CANBY) that cover the southern 8.5 km [5.3 miles] of the
Long Beach Peninsula all display a consistent annual erosion trend, with the 3.0-m
contour retreating by 30.5-61 m [100-200 feet] since summer 1997 (Ruggiero and Voigt,
2000).

Sand Trapping and Extraction at MCR and the Estuary

The channel deepening and maintenance dredging of the Columbia River estuary may also
create an effective sand trap for marine sand drawn in from the adjacent littoral
environment. It has not been estimated how much of the sand dredged from the estuary is
supplied from the adjacent marine environment. However, a deepened estuary will
change the circulation patterns in a direction that enhances bottom transport of marine
sand into the estuary. At issue is how much sand is removed from the estuary that could
be used to supply sand to littoral system.

The Corps estimates that 12.2 Mm’ [16 mcy] of sand will be removed from the estuary
(RM 3-30) by construction (5.4 Mm’ [7 mcy]) and maintenance (6.9 Mm’® [9 mcy]) of the
13.1-m [43-foot] navigation channel over the next 20 years. All of this sand will be
disposed of at the Deep Water Site in 60-90 m [200-300 feet] of water where it presumably
can not return to the littoral environment. This quantity of sand is significant and could be
used to reduce the effects of ongoing or exacerbated erosion of the adjacent nearshore
areas and coasts. The Corps dredging estimates for MCR are 3.4 Mm3/yr [4.5 mcy/yr].
The maximum combined capacity of the only nearshore disposal areas at Site E (1997-
expanded boundary) and along the North Jetty is 1.9 Mm’ /yr [2.5 mcy/yr], therefore over
a 20-year period, a minimum of 30.6 Mm’ [40 mcy] of sand from MCR would be
disposed of in the Deep Water Site. In fact, the Site E dispersive capacity might only be
0.76 Mmg/yr [1 mcy/yr] based on the Corps' more conservative estimate, which would
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result in 53.5 Mm® [70 mcy] (rather than 30.6 Mm3) of MCR sand disposed in the Deep
Water Site within 20 years.

Combining the 12.2 Mm’ [16 mcy] from the estuary with the 30.6 - 53.5 Mm’ [40 -
70 mcy] from MCR to be disposed in the Deep Water Site results in sand extraction rates
between 2.1 - 3.3 Mm’/yr [2.8 - 4.3 mcy/yr] over the 20 year proposed period, an average
of 2.7 Mm’/yr [3.5 mcy/yr]. This rate of sand extraction is comparable to the recent
erosion rate for the MCR vicinity. The area comprised of Benson Beach, the inner ebb-
tidal delta, the Clatsop Spit nearshore, and the MCR inlet has eroded 129 Mm? [169 mcy|
over the period 1958-1998, a rate of 3.2 Mm3/yr [4.2 mcy/yr] (Buijsman et al., in prep.).
Therefore, even if all of the sand currently proposed for deepwater disposal was placed in
the littoral zone, it may only be enough to counterbalance the ongoing erosion occurring in
the vicinity of MCR.

Review of Historical and Proposed Ocean Disposal

The Corps dredging records show that between 1904 and 1940, 6.3 Mm’ [8.29 mcy],
0.56 Mm3/yr (753,000 cy/yr), was dredged from MCR. Of this material, the Corps
assumes 4.4 Mm?’ [5.8 mcy| was disposed at an area southwest of the South Jetty in water
depths of 18.2 m [60 feet] (in the vicinity of the more recently designated Site A), and
about 1.9 Mm® [2.5 mcy| was disposed in the estuary. Between 1941 and 1944 there was
no dredging at MCR. Between 1945 and 1955, 9.9 Mm’ (0.9 Mm3/yr) [13 mcy
(1.18 mey/yr)] was dredged from MCR. The Corps assumes 6.9 Mm’ [9.1 mcy| was
disposed in the vicinity of Site A, 2.0 Mm?® [2.6 mcy] was disposed in the estuary, and
1.0 Mm?® [1.3 mcy] was disposed in the vicinity of Site B. In total, between 1904 and
1955, 15.3 Mm’ [20 mcy] of the 16.3 Mm’ [21.3 mcy| was disposed at sites that could be
considered to be within the littoral system (the 1.0 Mm? [1.3 mcy] disposed near Site B is
the exception).

Between 1956 and 1998, a total of 143.3 Mm’ (3.26 Mm3/yr) [187.41 mcy (4.26 mcy/yr)]
has been dredged from MCR and placed in-water at up to 7 sites (A,B,C,D,E,F, and G)
located in both the estuary and ocean. Sites C and D are located within the estuary; Sites
A, E, and G have average depths of 21 m, 17 m, and 24 m [70, 55, and 80 feet],
respectively; and Sites B and F are in deep water with average depths of 46 m and 38 m
[150 and 125 feet], respectively. For the purposes of this analysis, we assume Sites A, C,
D, E, and G to be within the littoral system and Sites B and F to be outside the littoral
system.

Site B (deep water) has been used from 1956 to 1997 (not in 1998) , but more extensively
since 1984. It is instructive to separate the 1956-1998 period of dredged material disposal
discussed above into two sub-periods, 1956-1983 and 1984-1998. During 1956-1983 Site
B received 24.2 Mm’® (0.86 Mm3/yr) [31.6 mcy (1.13 mcy/yr)] and Site F received 0.57
Mm? (15,000 m3/yr) [0.75 mcy (0.02 mcy/yr)]. Site G was used only once (in 1975) and
received 45,000 m’ [0.06 mcy]. In total, 25.2 Mm? [33 mcy] were disposed outside the
littoral system during 1956-1983, an annual rate of 0.9 Mm3/yr [1.2 mcy/yr]. During
1984-1998, 27.9 Mm’> [36.5 mcy] were disposed at Site B and 6.9 Mm’® [9 mcy] were
disposed at Site F, a total of 34.8 Mm’ [45.5 mcy], an annual rate of 2.3 Mm3/yr [3 mcy/
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yr]. Over the entire period of MCR dredging from 1904 to 1998, 61.1 Mm’ [79.9 mcy]
out of 159.6 Mm’ [208.7 mcy] of sand dredged have been removed from the littoral
system, roughly 38 percent.

From the above figures, it is apparent that within the past two decades, the rate of sand
extraction from the littoral system has increased by 2.5 times from the previous three
decades. For the MCR the record of dredging from 1904 to 1983, 26.2 Mm’ [34.3 mcy]
were removed from the littoral system via deep water disposal, equivalent to 0.3 Mm’? /yr
[0.4 mcy/yr], compared to 2.3 Mm3/yr [3 mcy/yr] since 1984, an increase by a factor of
7.5. Because this jump in sand removal rates has been relatively recent, the effect on the
adjacent beaches and nearshore area may not yet be fully realized.
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SUMMARY

The Fraser and Columbia River estuaries switch between two extremes of mixing on very
small horizontal scales; over as little as tens of meters, conditions can vary between that of
a highly-stratified estuary and a well-mixed river. Over this transition zone, suspended
particulate matter concentration (C) and particle settling velocity (Ws) can also rapidly
change. Understanding the sedimentological processes that occur within the transition
zone requires measurements of sediment properties and transport on the same time and
space scales as is now possible for physical oceanographic properties.

This paper discusses data primarily from the Fraser River estuary. The technologies and
analysis procedures are applicable to the Columbia River estuary as well. Achieving such
a high-resolution view of sedimentological processes requires a new measurement
technique based on optics and acoustics. A two-stage inverse analysis (IA) approach has
been developed to take advantage of (a) dynamical information available from C profile
shapes, and (b) the differing particle-size responses of optical and acoustical
instrumentation. The output of this analysis is high spatial resolution C and transport
fields, expressed in terms of several discrete Ws-classes. This approach may be applied
during periods of strong turbulence and high C, typically problematic with conventional
instrumentation. In an initial trial using Fraser data, resulting C values compared well
with in situ settling tube observations, typically within a factor of 2.

OBSERVATIONS

A wealth of data sets are available from the Columbia River estuary (1995-1999), and the
Fraser River estuary (1999-2000), typically with two vessels conducting simultaneous
anchor stations and transects. For an initial trial, we have focused on 1999 estuarine
anchor stations from the southern, main arm of the Fraser River estuary (Figure 1). River
flow during the study was very high, approximately 9500 m3 5! (Water Survey of Canada,
unpublished data). Tides in the Fraser are mixed semidiurnal, and the tidal range near
station bD11 varies from 2 to 5 m over the neap-spring cycle. Acoustic backscatter (ABS)
and velocity were measured continuously using a 300 kHz acoustic Doppler current
profiler (ADCP). Near-bed data is unavailable for angled-beam ADCPs, due to bed-
reflection effects. Optical backscatter (OBS), salinity, and temperature were profiled bi-
hourly using an optical backscatter sensor and CTD on a weighted frame. Once every two
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hours, suspended particulate matter (SPM) concentration (C) was measured using a pump
sampler mounted on the frame, and particle settling velocity (Ws) was measured using a
modified Owen tube (methods of Simenstad et al, 1994). Various ecological
measurements were also made, including zooplankton counts; these showed that
zooplankton could not provide comparable backscatter to suspended sediments, due to
their low numbers (C. Simenstad, pers. comm.) and low-reflectivity species types (Stanton
etal., 1998).

Observations during the Fraser 1999 study included currents of up to 4 m s and C
maxima of up to and above 1 g L!. Brackish waters were highly stratified; salinity
gradients of 10 m™! were not uncommon, and bedstress was rarely above 1 Pa. Fresh
waters were well-mixed, with bed stress maxima exceeding 10 Pa. OBS and ABS were
calibrated to C in situ, using the pumped water samples. Observations from one ebb tide
are summarized in Figure 1. In the bottom panel, note that acoustically- and optically-
derived C time series differed substantially. This is consistent with expectations; the ABS
responds primarily to sand and the OBS to fine sediment. This period was two days past
neap tide, with a tidal range of 3.0 m.

METHODS

A joint two-stage inverse analysis (IA) was applied to the OBS and ABS data. A
schematic of this approach is shown in Figure 2. Stage 1 of the IA partitioned the
backscatter between Ws-classes, based on an assumed vertical SPM balance (as Fain,
2000 and Fain et al., 2001, but with an algebraic modification for stratification effects
based on the gradient Richardson number). Figure 2a and 2b show typical results for stage
1. The ABS and OBS data disagree on the distribution of C over Ws-classes because of
their different response functions. This concept is summarized in Figure 2¢c, which shows
the theoretical response of each instrument to a given sediment size distribution. To
account for these differences, response coefficients were defined for each instrument and
Ws-class (these are essentially gain values). Applying mass conservation between the two
instruments, a description of the SPM field can be written:

4 4

> 0k = 2 M

=1 k=1

Here, capital and lower case letters represent optical and acoustic quantities, respectively;
k represents the different Ws-classes; and 7/, and y; are the response coefficients for the
OBS and ABS, respectively. Least-squares best-fit values were found for 7}, and y; using
all available data points from all three Fraser anchor stations. Using this approach,
response coefficients were determined for each instrument and Ws-class that minimized
the differences between the ABS and OBS description of the SPM field. The output of
this analysis was response-modified concentrations, C;,'=/;,C; and c¢;'=y.c;. The data set
of most interest was ¢, due to its high resolution. This data was de-spiked using a two
standard deviation threshold, then smoothed using a 10-minute running average.
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RESULTS

Results are shown in Figure 3. In situ observations (diamonds) were similar to calculated
concentrations, typically within a factor of 2. The top plot shows the resulting
concentration time-series of Ws-classes #1 and #2 at | m above the bed, along with shear
velocity U Concentrations of these sediments appear to rely more on salinity (bottom
plot) than on U= This is a reasonable observation considering that pumped water samples
also showed a strong correlation between fine sediment C and salinity.

The middle plot shows the resulting C time-series for the coarser sediments, Ws-classes #3
and #4. As the salt-wedge retreated, increasing bed stresses lead to the passage of
successive size-dependent erosion thresholds. This plot also includes the skin-friction
shear velocity, Uxg: This is an important parameter because echo soundings indicated the
presence of sand waves averaging 1 m high, and 30 m wavelength. A comparison was
made between theoretical threshold values of Ux,for erosion and the observed Usrat the
point of initial detection in the water column. These values were roughly equivalent to
that expected from theory. A typical rule of thumb threshold for sediments to be carried as
suspended load is Ws / 0.4Ux < 2. Observed values showed that these coarse sediments
appeared in suspension later than expected based on this concept. This may indicate that
sediment suspension was being hindered by bedforms or by stratification.

QUESTIONS

Laser in situ particle size analyzer (LISST) data is available for the year 2000. How will
these particle size observations be compared to Ws-class based observations? Considering
that instrument responses should not be time varying, can aggregation be monitored using
the time-variability of /7, and »,? In future analyses we intend to evaluate methodological
sensitivity, utilize available multi-frequency acoustic data, and modify the IA stage 1
approach to include advection.
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Figure 1. Observations. (top) Map of the southern, main arm of the Fraser River estuary,
with select 1999 anchor stations. The middle and bottom plots focus on an ebb-tide salt
wedge retreat, at station bD11, July 9th. (middle) Salinity contours on velocity shading.
Note that there is no near-bed (within ~1 m) or near-surface (within ~4m) data. (bottom)
Observed suspended particulate matter concentrations, C (mg L'1), from optics (OBS;
contours) and 300 kHz acoustics (ABS; shading). ABS and OBS data disagree on shape
and placement of C maxima because of their different response functions; the ABS
responds primarily to sand and the OBS to fines.
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Figure 2. Inverse Analysis. (left) Schematic of inverse analysis (IA) approach. OBS
variables are in caps, and ABS variables are in lower case. Plots to the right show IA results
for (a) a typical ABS profile, and (b) a typical OBS profile. Plot (c) shows a Coulter counter
size distribution (by size and Ws-class C;) for a sample 1 m above the bed at day 188.39,
with OBS and ABS responses derived from scattering theory.
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Figure 3. Results. Comparison of post-lA calculated concentrations with settling tube
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Results for Ws-classes #1 and #2. (middle) Results for Ws-classes #3 and #4, along with
estimated total shear velocity (U+) and skin friction shear velocity (Usgs). (bottom) Salinity at
1 m above the bed.
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ESTIMATION OF THE COLUMBIA RIVER VIRGIN FLOW

Pradeep K. Naik, Oregon Graduate Institute of Science and Technology
David A. Jay, Oregon Graduate Institute of Science and Technology

CONCLUSIONS

It is imperative to have a long-term estimate of the virgin flow of a river to provide a
historical perspective of the water resources development, to allow the study of the
anthropogenic and climate impacts on the water resources sector, and also to compare the
current water use scenarios with those of the past decades. The Columbia River has
historically been a major source of economic activity for the Pacific Northwest and is one
of the heavily modified rivers in the United States today. Irrigation diversions and the
post-1970 flow regulation in large reservoirs along the river have brought significant
changes in its streamflow hydrology. Daily streamflow of the Columbia River at The
Dalles is available from the U.S. Geological Survey (USGS) since June, 1878. The USGS
has calculated a monthly averaged adjusted river flow at The Dalles for 1879-1999 that
accounts for the effects of flow regulation. The Bonneville Power Administration (BPA,
1993) has estimated the monthly averaged virgin flow at The Dalles for 1929-1989, i.e.,
the flow in the absence of both flow regulation and irrigation depletion. We have
estimated the virgin flow of the river at The Dalles for the missing years (1879-1928 and
1990-1999).

The effects of irrigation diversions, flow regulation, and climate change are evident in the
Columbia River mean flow on the basis of the analyses of the long-term (1879-1999)
virgin, adjusted and observed flows. The total reduction in the annual average flow
(difference between the 1879-1899 virgin flow and 1945-1999 observed flow) is
957 ms™! or 15.2 percent, of which ~7.4 percent is due to climate change, ~7 percent is
due to irrigation withdrawal, and the discrepancy of ~0.8 percent arises from differences
in averaging times. The 1970-1999 annual average loss due to water withdrawal for
irrigation is 468 m’s! or ~7.4 percent of the 19th century virgin flow.

ACCOMPLISHMENTS

Simons (1953) has given estimates of the area under irrigation and the corresponding
depletion (due to irrigation) for the Columbia River at The Dalles for 1860-1946. His
estimates are for every ten years for 1860-1900, for every five years for 1900-1920 and on
an annual basis for the subsequent years until 1946. Based on his data, irrigated areas
were interpolated on an annual basis for the period 1860-1999 (Figure 1).

The difference between the published estimates of monthly virgin and adjusted flow gives
the monthly depletion due to irrigation. When the monthly depletion values are divided
by the area under irrigation for the corresponding years, an estimate of depletion per unit
area in a month is obtained. These monthly values, when plotted for a year, give an annual
cycle of depletion. Based on the examination of the annual depletion cycles defined by
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the period 1929-1946, the annual cycles for the five-year period 1929-1933 were averaged
to define a depletion cycle that was assumed to also be typical for the period 1879-1928
(Figure 2). The monthly depletion rates thus obtained from this annual cycle were
multiplied by the total area under irrigation in each year for the 1879-1928 period to
obtain monthly depletion values. These monthly values were then added to the
corresponding monthly adjusted flows to get the monthly virgin flows for the period 1879-
1928. A similar methodology was adopted for estimating virgin flow for 1990-1999,
using 1985-1989 as the base period.

Daily virgin flows were estimated using the interpolation technique. After 1940, the daily
observed flows were filtered to remove the weekly effects of the hydropower peaking
cycles. The difference between the monthly virgin and the observed flow was obtained
for every month in a year and the values thus obtained were interpolated on a daily basis
for the entire period. These daily interpolated values were then added to the daily
observed flows to get virgin flows for the corresponding days (Figure 3).

ANALYSIS

There has been a steady growth of population and irrigated area in the Columbia River
basin since 1860. Until the mid-1940s, about 70 percent of the irrigated areas of the
Columbia River basin above The Dalles were found in the Snake River basin, while about
23 percent were above the mouth of the Snake River basin. The remainder (about 7
percent) were between the mouth of the Snake River basin and The Dalles (Figure 4).
With the construction of several dams in the sixties, the irrigated areas in the middle
reaches of the Columbia River rose quickly. Flow regulation became much more effective
after 1970 when several major new dams high in the basin became fully operational.

The effects of post-1970 flow regulations are marked when the ratio of the annual average
observed and the virgin flows are plotted for The Dalles (Figure 5). The period until 1970
mostly shows the effect of irrigation depletion, but after 1970, the net effects are both due
to flow regulation (inter-annual transfer of water) and irrigation depletion. The difference
between the adjusted flow and the observed flow gives an estimate of flow difference due
to regulation, whereas the difference between the virgin flow and the adjusted flow gives
an estimate of irrigation depletion. The net effect due to flow regulation and irrigation
depletion is derived from the difference between the virgin flow and the observed flow.
Figure 6 shows the effects of flow regulations and irrigation depletion in the Columbia
River during the month of June (1879-1999). Figure 7 shows the annual depletion due to
irrigation and the net effects of flow regulation and irrigation depletion for the entire 1879-
1999 period.

ACKNOWLEDGEMENTS
The Bonneville Power Administration and the National Marine Fisheries Service
supported this study.

69



REFERENCES

Simons, W.D. 1953. Irrigation and streamflow depletion in Columbia River basin above

The Dalles, Oregon, USGS Water-Supply Paper 1220.

Bonneville Power Administration (BPA) 1993. 1990 level modified streamflow (1928-

1989), 279 p.
35000 700
30000 - + 600
“ 25000 + - - - - - - - -—-—"—"—"—"——~——~—————~—————————————— — &% — A G R ——— 500 _
£ K
£ £
w 20000 4 + 400
[ £
< 5
g 15000 - + 300 3
o o
o 2
E 10000 | L 200 °
‘ —e— Irrigated Area —=— Depletion
5000 - + 100
0 " T T T T T T T T T T T T 0
1860 1870 1880 1890 1900 1910 1920 1930 1940 1950 1960 1970 1980 1990 2000

Figure 1. The Columbia River irrigated areas and the corresponding depletions (1860-1999).

0.12

0.1

——1929-33
O 1929-46 95%C.l. 1
A 1929-4695%C.AN| _ _ _____ /__ _ __ _ _ ___ N\ __________|

008 f —————-

006 f —————-

Irrigation Depletion in m *s™ km™
e
[=]
»
.

(111 2 O ,_—_ T
04— - & A __N\---A1
0.02 -
0.04 T
Y < 'Y N S 3 ) ) 2 Y
S & & \\?d @q@ o & & @ S &
o° © & 54,0 & S &
*° < o

Figure 2. The 1929-1933 irrigation cycle of depletion with uncertainty range (95 percent
confidence interval) for 1929-1946.

70



Virgin Flow

1975

1990

25
15 kM3/s

o 20 150 270 Je0
Dawvs from 1 dctober
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CORRELATION OF SHOREFACE RETREAT SCARPS, FOREDUNE RIDGES,
AND LATE-HOLOCENE SHORELINE AGES IN THE COLUMBIA RIVER
LITTORAL CELL, WASHINGTON-OREGON, USA

Curt Peterson, Portland State University

Harry Jol, University of Wisconsin-Eau Claire

David Percy, Portland State University

James Phipps, Grays Harbor College

Frank Reckendorf, Reckendorf & Associates

Sandy Vanderburgh, University College of the Fraser Valley
Lorraine Woxell, Portland State University

ANALYSIS

Three independent data sets have been integrated to establish prehistoric shorelines (0-
5 ka) in the progradative barrier-spits and beach-plains of the Columbia River littoral cell.
The data sets include (1) catastrophic retreat scarps documented in ground penetrating
radar (GPR) profiles, (2) foredune ridges based on airphoto and topographic coverages,
and (3) radiocarbon dates of drift wood, charcoal, shells, basal peat, and/or paleotsunami
deposits from geo-referenced core sites. All three data sets have previously been reported
in different formats including: MS theses (Woxell, 1998; Schlichting, 2000), hardcopy
handouts at Southwest Washington Coastal Erosion Study workshops (Peterson et al.,
1999, and 2000), and on project web-pages (nwdata.geol.pdx.edu.coastal-studies/
ofr 2000/). A 300-m long GPR traverse (west of Loomis Lake) from the project web page
<ofr 2000/GPR> is shown in Figure 1 with interpreted retreat scarps at 60 m and 200 m
from the west end at figure left. The two scarps, A and B, are dated at 300 and 1,100
RCYBP respectively (Dolyle, 1996; Meyers et al., 1996), and can be traced throughout
the four sub-cells (North Beach, Grayland Plains, Long Beach, and Clatsop Plains).

The integration of the three data sets was performed using a NOAA LIDAR coverage
(provided by DOE) as a base map in ARCVIEW GIS. The southern several square
kilometers (UTM grids) of the Long Beach barrier-spit are shown in Figure 2. White
areas represent missing LIDAR data (incomplete coverage). Relative elevation is
represented by contrast, i.e., lighter-shades corresponding to higher elevations (1-10 m)
above sea level. Bedrock outcrops (>10 m elevation) anchoring the southern end of the
spit are shown in blue (color) or black.

Shore-normal lines represent GPR profiles with lettered retreat scarps (A,B,C-I)
corresponding to published Cascadia earthquake subsidence events at 300(A), 1,100(B),
1,300(C), 1,700(D), 2,500(E), 2,800(F), and 3,200(G) RCYBP (Atwater, 2000). Event I is
tentatively dated at 4,200 RCYBP from a site at the east end of Joe Johns Rd, Ocean Park,
WA (Meyers et al., 1996). The GPR profiles are widely separated alongshore (about 5 km
spacing), and are restricted to existing across-spit roadways (light line coverage). Shore-
parallel dark lines represent foredune-ridges corresponding to airphoto interpretations of
linear dune-ridge crests between interdune valley wetlands. The LIDAR foredune ridges
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are offset from the mapped airphoto dune ridges. The offsets can result from data-set
datum shifts, misinterpreted airphoto images, and inaccurate LIDAR ground elevations
(vegetation bias). Work is underway to reconcile the foredune-ridge offsets between the
airphoto and LIDAR data sets.

Although not shown on the Long Beach segment in Figure 2, radiocarbon dates constrain
the ages of the third, fourth, and sixth foredune-ridge lines from the west. The third ridge
(set 3A) is the first prehistoric foredune landward of the late 1800s shoreline, and its age is
constrained by a radiocarbon date to the west (LOOMIS 1,100 RCYBP) and Cascadia
paleotsunami deposits to the east (1,300 RCYBP) (Schlichting, 2000). The fourth ridge’s
age is constrained by a radiocarbon date to the west (CRAN 2,500 RCYBP), and the sixth
ridge is constrained by a newly obtained radiocarbon date to the east (5,000 RCYBP), i.e.,
the first onset of net shoreline accretion in the Columbia River littoral cell.

The integration of the three data sets, i.e., GPR, foredune-ridge, and C14 sample-ages,
required several assumptions. The first assumption is that same retreat-scarp and same
foredune-ridge correlation lines do not cross. The second assumption is that complete
sequences of retreat-scarps or foredune-ridges can be patched together by overlapping
sequence segments. The third assumption is that dated radiocarbon deposits, overlying
basal peats, or distinctive paleotsunami deposits can be used to test scarp-ridge
correlation, within and between the four sub-cells. By definition the scarp or ridge
correlation lines must not cross timelines (minima or maxima dates) established by the
C14 dating.

Preliminary results show an independently correlated sequence of shoreface progradation,
retreat, and foredune-ridge development events throughout the Study area. The cause and
effect relations of the geomorphic features are not fully understood. Nevertheless, the
primary objective of establishing dated (prehistoric) shoreline positions throughout the
littoral cell has been realized. Positional errors of the retreat scarps and foredune-ridge
crests are on the order of several tens of meters. Age errors are on the order of several
decades for the latest retreat scarp and up to several centuries for the older scarp/ridges.

Future work should include establishing (1) shoreface reflector gradients along GPR
profiles, (2) statistics of foredune ridge and scarp relative position, and (3) comparisons of
geomorphic expression, duration between events, event subsidence magnitude, and event
rebound models. These relations should be useful in addressing questions about shoreline
processes in the littoral cell.

For example, do steep reflector gradients follow large subsidence events? Do large
foredune-ridges develop from small subsidence events and/or minimal rebound
conditions? Do nearly-horizontal progradative shoreface reflectors represent rapid
rebound conditions? Do foredune-ridges occur from pre-subsidence submergence,
yielding two foredunes per earthquake cycle? How and when do foredune-ridge splays
form at spit ends? How do these topographic features compare to associated subsurface
reflector packages? What is the timing of subsequent spit elongation? What is the relative
timing and origin of foredune-ridge truncations by drainage channels? Are the truncations
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sequence-correlated within or between the sub-cells, possibly representing catastrophic
tsunami discharge or post-subsidence water-table rise? If the channels are isolated in
time/space do they reflect net littoral drift directions, i.e., Connor Creek analogs?

In summary, the integration of the GPR, LIDAR, and Cl4-age data sets from the
progradaing barrier spits and beach plains now allows investigation into numerous process
questions based on specific event forcing, event timing, and shoreface response in the
Columbia River littoral cell.
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Figure 1. A 300-m long GPR traverse (west of Loomis Lake) from the project is shown with
interpreted retreat scarps at 60 m and 200 m from the west end at figure left.

Figure 2. The southern several square kilometers (UTM grids) of the Long Beach barrier-spit
are shown. White areas represent missing LIDAR data (incomplete coverage).
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DATA INTEGRATION AND MODELING

David C. Percy, Portland State University
Peter J. Cowell, University of Sydney
Curt D. Peterson, Portland State University

CONCLUSIONS
1) Teams of researchers need to work together in order to extract meaning from complex
data.

2) Teams need to be composed of people with complementary skill sets that allow for a
maximum level of cognitive discourse.

3) It is essential to have a data manager, though every team member should have good
computer skills.

4) The data manager should have a solid background in the sciences and the scientific
method. This makes the data manager aware of the importance of certain issues, such as
resolution and error analysis.

5) GIS and web-based technologies are useful for integrating data.

6) Computer programming skills are necessary to accomplish tasks that the software was
not designed to do, which much of the data integration requires.

7) Deadlines are necessary for accomplishing goals.

ACCOMPLISHMENTS

1) A large data set was integrated.

2) Data for shoreface-modeling was generated.

3) Teamwork model was tested.

4) Open-File Reports were generated and tested for efficacy.

QUESTIONS

How do we most effectively integrate three-dimensional data? How do we enable
scientists to interact most efficiently with the data? How do we deliver data in an

electronic form that still encourages interaction among researchers? Can we accomplish
some of these tasks using "virtual" meetings? How often do meetings need to be held in
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order to keep data from becoming stagnant? How do we add value to data by including
scientific interpretation?

ANALYSIS

One of the goals of amassing large amounts of data is to extract models. In a Hegelian
sense, this is the reason for engaging in scientific inquiry (Mitroff and Turroff, 1973).
Successful model extraction may allow us to replace voluminous data with models that are
more parsimonious, being made up of equations needing only initial conditions and rates
of input change. Sometimes, however, these models are not intended to replace, but to
enhance existing data sets, even becoming data sets in their own right.

Another goal of generating and collecting large amounts of data is to enable true scientific
breakthroughs. This is often possible only through teamwork where each person involved
brings a complementary skill-set, with a "depth" in at least one area ("T-shaped"
individuals). In this case, at least one of the team members needs to be steeped in data
management. However, it is not enough to be simply a "data-geek". It is critical for the
data manager to have a solid understanding of science and the scientific method. This
allows the team to communicate at a significantly higher cognitive level. It also makes the
data manager aware of the importance of certain issues, such as resolution and error
analysis.

As an example of this a recent case in which the three authors worked together to generate
a data set for shoreface modeling is presented. The goal was to enable modeling of beach-
response to sea-level transgression and earthquake events. What would the response be,
and how could we use existing data to tune the model? The data sets were foredune ridge
lines, ground penetrating radar (GPR), core logs, surface topography (LIDAR and DEM),
depth to beach sand/shelf sand interface, and depth to ravinement (erosional surface from
sea-level rise).

The authors gathered in a small room with a projector connected to a laptop loaded with
data. This was one of the most successful examples of using the GIS and web tools. The
projector showed the locations of various features in map view on the wall while allowing
the authors to toggle over to displays of the sub-surface in logs and GPR. The
investigators were able to determine the ideal location for cross-sections, using these
tools. The criteria were that a maximum of applicable data exist nearby to the cross-
sectional location.

Subsequently, cross-sectional data was generated using ravinement data (Cross et al.,
1998), topography (LIDAR; Daniels, 2001), and depth to beach sand interface (Herb,
2000). These data were then used by Cowell in a shoreface-modeling program (Cowell et
al., this volume). This required truly integrating the data at a level that had not before
been attempted. Simply, for a data interval along the transect, a value for each of our data
sets was needed. This required getting all of the data at the same resolution, which
entailed writing scripts to output coordinates of vertices along our cross-section, and then
programatically assigning z-value data to each vertex from each layer of data. Foredune
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ridge locations were also plotted where they intersected the transect as a sharp spike
downwards. Figure 1 shows an example of this collection of data.

Later, during other phases of the data integration and interpretation, the simple hard-copy
output of maps proved to be the most useful tool. And, when used in conjunction with a
web-browser pointed to the Open-File Report data, this was the key to mapping out the
earthquake scarps (Peterson et al., this volume).

A GIS database now exists that allows for the investigation of the correlation between data
sets. This was constructed in Arcview (ESRI) using standard web technologies (HTML)
and server specific software (ArcIMS). Using georeferenced topography data (LIDAR
and DEM), as well as GPR and core locations, reference maps were constructed that could
be displayed on a computer monitor. The locations of the objects, such as GPR and cores,
were placed onto an "imagemap" in a web page that referred to data files containing
appropriately sampled images of these objects (USGS Open-File Reports in progress
http://nwdata.geol.pdx.edu/coastal-studies/OFR_2000). Similar techniques can be
implemented directly in the GIS database, but these were not used due to interpretability
issues. There are still significant limitations in GIS, particularly in how 3-dimensional
data are handled.
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CONCLUSIONS

1) Barrier progradation has been attributed in part to shoreface sand supply to the barriers
in the Columbia River littoral cell (CRLC) (Kaminsky et al., 1999). The possibility of
sand supply from the shoreface to beaches was evaluated based on a variety of methods
involving field data and modeling results obtained from five coasts on three continents
representing a wide range of coastal environments. The field data include wave-current
measurements, historical seabed soundings, and geological surveys. Cross-shore
transport estimates from modeling on the annual time scale were compared against
scaled-down inferences from the seabed-change and geological data. The results are all
consistent with there being net onshore transport over the long term from the lower
shoreface to beaches in each of the environments. These environments typify settings
that occur commonly (probably predominantly) along the world’s coasts. So net
shoreface sand supply to beaches may be a widespread and common but little
appreciated factor in coastal stability.

2) The effect of this net supply is to offset other factors causing shoreline recession, such
as positive gradients in littoral transport. Moreover, shoreline progradation occurs if
sand supply from the shoreface dominates over littoral sediment losses. Implications
are clearly significant for coastal engineering and coastal management, despite the
processes not being immediately apparent: long-term shoreface sand supply to beaches
is masked by more rapid cyclical changes. Rates of shoreface sand supply to beaches
indicated from various lines of evidence are typically on the order of 10° m3 a! per
meter of shoreline. This volume corresponds to a lowering of the shoreface by only a
few grain diameters per year.

ACCOMPLISHMENTS

1) A preliminary comparative analysis of various data from other coasts (in the USA-
Atlantic, Europe-North Sea and SE Australia), was undertaken to assess the general
hypothesis that the lower shoreface supplies sand for barrier progradation.

2) Historical bathymetric-change data from the CRLC analyzed originally by Gibbs and

Gelfenbaum (1999) was generalized selectively (i.e., in areas away from ebb-tidal
deltas) to evaluate possible rates of sand supply for barrier progradation.
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QUESTIONS

Generally sand loss from beaches to the sea has been perceived as a key factor in world-
wide trends toward shoreline recession (Bird, 1985). In principle however, shoreline
movements on any stretch of beach on any time scale occurs due to the combined effects
of cross-shore sediment movements and alongshore gradients in sediment-transport rates.
The paper focuses on the cross-shore component of the problem for time scales of decades
or longer. Changes on these time scales are especially important in coastal management
because they relate to systematic trends in coastal change that may manifest themselves as
chronic shoreline problems.

On annual time scales, movements in shoreline position due to cross-shore sand transport
largely involve surfzone dynamics in which changes and movements in sand bars are key
elements. These processes have been the subject of concerted effort in coastal research for
half a century and, although knowledge of the processes involved remains far from
definitive, surfzone morphodynamics is one of the best understood areas in coastal
science.  Shoreline movements associated with surfzone morphodynamics are
circumscribed roughly by the annual closure depth for profile changes, as defined
originally be Hallermeier (1981). More recent studies have shown that observable profile
closure occurs at greater water depths as the time scale increases (Nicholls ez al., 1998).

The questions addressed in this paper therefore are as follows:

1) Is there evidence that the shoreface acts as a sand supply to the beach, and, hence, a
source of sands for barrier progradation?

2) What rates of cross-shore sand transport are evident from source and sink indicators,
and are these rates plausible?

ANALYSIS

Introduction

The perception that the shoreface is a sink for beach sand derives mainly from erosion
events related to storms in which sand loss offshore can be observed directly through
measurements of profile change. Although erosion events cause temporary sand
displacements that may manifest as acute coastal-management problems, they are part of a
cyclical process and, thus, not necessarily a cause of chronic coastal recession. Our recent
work on the coasts of three continents suggests that more systematic (long-term) trends in
shoreline movements, related to cross-shore sediment displacement, involve a coupling
between the upper and lower shoreface (where the upper shoreface is defined as the
seabed and beach landward of the annual closure depth).

Figure 1 illustrates this coupling in results obtained by applying the Shoreface Translation
Model (Cowell et al., 1995) to the Tuncurry coast, 220 km north of Sydney. Sand supply
from the lower to the upper shoreface, due to simulated shoreface deepening, averaged
1.1 m’a-! per meter of shoreline over a 6000 year period, forming 80 percent of the sand
now in the strandplain.
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With the focus of research until now on bar movements and shoreline erosion-recovery
cycles on the sub-decadal time scale, little is known about the sediment exchanges
between the upper and lower shoreface, or the consequent shoreline responses over the
long term (decades to centuries). Evidence is now emerging however that, on this time
scale, the shoreface is a net sand source for beaches in many coastal environments, as
illustrated in Figure 1. The effect of this net supply is to offset other factors causing
shoreline recession, such as positive gradients in littoral transport (Stive et al., 1991).
Moreover, shoreline progradation remains possible if sand supply from the shoreface
dominates over littoral sediment losses. Implications are clearly significant for coastal
engineering and coastal management, despite the processes not being immediately
apparent; shoreface sand supply to beaches is masked by more rapid cyclical changes
(Cowell et al., 1995).

Circumstantial evidence for long-term sand supply to beaches on the Ebro Delta in the
Mediterranean Sea was presented recently by Stive et al. (1999). The evidence was
obtained from a range of methods including detailed field measurements and modeling on
several time scales. In this paper, we draw together further evidence that point toward the
shoreface being a net source for beach sand on the time scale of decades to millennia in a
wider range of coastal environments.

Methods

Indications that sand supply from the shoreface is widespread comes from i) bathymetric
measurements spanning many decades, ii) measurements of sediment dynamics on the
lower shoreface, iii) numerical modeling of shoreface sediment transport, iv) behavior
modeling of sediment-transport regime and profile kinematics, v) the radiometric dating
of strandplain development at sites where other sources of sand supply are limited, non
existent, or can be estimated, vi) lower-shoreface sedimentology, and vii) regional
sediment-budget analyses. As usual in coastal science, none of this evidence is conclusive
and each has limitations in terms of accuracy, validation, or both. More specific details of
methods are outlined in respective parts of the Results section. The following general
considerations however are also relevant.

Direct measurement and modeled estimates: In principle, the most obvious way to
resolve the question of shoreface sand-supply to beaches is through direct measurement of
either cross-shore sand transport or of changes in bed elevations on the lower shoreface.
In practice, however, both methods face serious shortcomings. Cross-shore transport of
sand is difficult to measure in the field. Usually estimates are based on measurements of
suspended-sand concentrations and horizontal water velocities that are combined via
boundary-layer and sediment-transport models to yield sediment-flux (Wright, 1995).
While estimates of gross oscillatory fluxes derived from such observations are
problematical enough, the practical value of such estimates is diminished critically
because what we actually need to know are the net fluxes averaged over the long term.
Measurements are generally available for isolated periods only, over durations typically of
months. Within such a measurement window it is impossible to capture anything like the
full climatology of flows driving sand transport. Moreover, from the observations made
so far it is clear that the variability in fluxes is large even during a single storm event; so
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long-term average net-flux estimates become indeterminate quantities over many cycles
of storm and fair-weather conditions.

Sand supply from the lower shoreface should produce a lowering of the shoreface through
time. Direct measurements of changes in shoreface elevation typically have a maximum
accuracy of £0.3 m (Gibbs and Gelfenbaum, 1999). This limit of measurement underpins
the formal definition of profile closure (Hallermeier, 1981). Long term (multi-decadal)
data sets in which lower shoreface changes are greater than 0.3 m are not common.
Moreover, earlier data sets (especially before about 1960) are less accurate and accuracy
deteriorates with distance from the coast. This deterioration occurs because uncertainty in
horizontal-position fixing, based on sight-line triangulation from landmarks, results in
vertical accuracy no better than £2.5 m over the seaward part of the shoreface (Gibbs and
Gelfenbaum, 1999). Thus, while comparison of recent bathymetric measurements with
data from further back in time might be expected to encompass more detectable bed
changes, the poorer accuracy from older records diminishes the value of this opportunity.

Indirect measurement and modeling: The alternative ways of addressing the problem
all involve indirect methods, and each has its own shortcomings. Modeling cross-shore
transport on the shoreface is notoriously unreliable, and, in any event, cannot be expected
to yield reliable estimates of time-averaged net fluxes if we cannot be sure about our
measurements of such fluxes for the purposes of model validation. So called behavior-
oriented modeling (de Vriend et al., 1993) of sediment-transport climatology and bed-
profile kinematics addresses the problem on more appropriate space and time scales. This
approach has the advantage of side-stepping uncertainties in scaling up sand-flux
residuals. These residuals generally are much smaller than the gross oscillatory fluxes
from which they derive, but cumulate through time to produce systematic morphological
change. Behavior-oriented models, however, rely heavily on parameter fitting and thus
require sound estimates of exogenous quantities including morphological change itself.
These models, therefore, cannot be used in isolation but depend upon their application
occurring in parallel with the other methods described herein.

Depositional features on coasts record the end product of sediment displacement from one
place to another. Radiometric dating of such deposits can be used to constrain possible
transport paths and sources, and to provide estimates for rates of sediment delivery.
Strandplains (prograded barrier beaches) provide evidence of sand delivery from
elsewhere, i.e., from further along the coast, local deltaic sources, or, possibly, from the
lower shoreface. In coastal cells where deltaic or alongshore sources can be ruled out
based on regional setting and sedimentological evidence, or where estimates of input
volumes from these sources can be constrained reasonably well, the question of sand
supply to beaches from the shoreface can be resolved by inference from the depositional
volume. Rates of net sand supply can then be obtained by extrapolating down from
radiometrically calibrated rates of strandplain development that occurs generally over
centuries and millennia (e.g., Figure 2).

Such inferences are not so easy to draw from the source zone (i.e., the lower shoreface)
because, by definition, it is an erosion surface. While here there is no counterpart to the
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depositional volume from which to infer rates of sediment displacement, the character of
the sediments themselves may at least provide evidence that the lower shoreface is a
deflationary surface and hence a sand source. This evidence takes the form of a lag
deposit comprising sand that is coarser than the underlying deposits. The inference here is
that the finer sand grains have been winnowed out and transported elsewhere, such as
toward the coast where it might be redeposited in strandplains or dispersed alongshore and
lost into estuaries. For surface lag deposits to form, a proportion of coarser sands must be
present in the underlying parent material. A coarser sand fraction is not always available
(e.g., when the parent material is itself a lower-shoreface or palaco-dune deposit). Where
the underlying surface comprises relict beach, tidal-inlet, or glacio-fluvial deposits, a
coarser fraction is generally present in the parent material.

Estimates of sand source and sink relationships obtained from any of the above methods
can be evaluated and constrained through an audit of regional sediment budgets. Such an
exercise usually requires estimates of net sediment fluxes and depositional (or erosion)
volumes obtained using any or all of the other methods outlined above. Sediment-budget
analysis thus confers added value by cross checking the consistency between net-flux
estimates derived by various means.

Indicators from Field data and Modeling results

Detailed long-term bathymetric measurements from the central Netherlands coast (Stive
and de Vriend, 1995) and the U.S. Columbia River Pacific coast (Gibbs and Gelfenbaum,
1999) each reveal deepening of the lower shoreface over many decades, despite extreme
contrasts in the oceanographic and morphologic character of these environments. It is not
immediately obvious in these cases that sand removed from the lower shoreface was
displaced onshore without reference to the other indicators, including sedimentology,
sand-transport measurements, and modeling, as outlined below. In SE Australia barrier
progradation under circumstances that exclude the possibility of other sand sources
provides the most definitive evidence for sand supply from the lower shoreface during the
last 6,000 years of stable, high-stand sea level.

Radiometric dating of Holocene strandplain development: Radiometric dating of sub-
surface samples from strandplains in SE Australia indicates that sand supplied to deeply
embayed coastlines derives from the shoreface. Two well studied examples exist: Moruya
Beach (Thom, 1984) and Tuncurry Beach (Roy ef al., 1994), about 240 km south and 220
km north of Sydney respectively.

Studies of sediments and stratigraphy on the strandplains behind these beaches indicate
that the lower shoreface was the only source for strandplain progradation during the past
6000 years. At Moruya, bedrock headlands protrude far enough to preclude littoral
transport of sand into the Moruya embayment (Inset, Figure 2). The littoral partitioning of
adjacent coastal cells is further evident in sedimentological indicators (Thom, 1984).
Since the shoreface is the only possible source of significance for sand contained within
the strandplain, the total volume of the strandplain infers a lowering of the shoreface by
about 8 m during the past 6000 years (i.e., the period that has elapsed since relative sea
level stabilized in the SE Australian region). The inferred rate of lowering averages
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1.3 mm a'l, i.e., less than 3 grain diameters, which seems feasible considering that

Moruya is subject to a swell-dominated wave climate.

The Moruya data indicate a decreasing trend in the volume rate of progradation through
time (Figure 3b). The data however clearly suggest that a mean-trend progradation still
continues today (at about 3.3 m® m™! a’!), but that the supply rate may be reducing as the
shoreface trends toward equilibrium, or due to bed armouring by the surface lag deposit
that has developed on the lower shoreface (depicted by the stippling in Figure 3a).

At the other study site, Tuncurry Beach, the net littoral transport of sand north toward the
Tuncurry bedrock embayment was intercepted through loss offshore to form an inner-shelf
sand body (Roy et al., 1994). Thus, the 1150 m wide Holocene strandplain has necessarily
derived most of its sand from the shoreface immediately seaward of the beach. The total
prograded volume is 26,000 m® m! of coast which gives an upper estimate for the supply
rate from the shoreface of 4.3 m® m™! a’!.

Bathymetric-change measurements: Detailed long-term bathymetric measurements
from the central Netherlands coast (Stive and de Vriend, 1995), and the U.S. Columbia
River coast in the NW USA (Gibbs and Gelfenbaum, 1999) provide direct measurement
of morphological changes on the lower shoreface. Both sets of survey data span from the
late 19th through to the late 20th century (1897-1975 and 1870s-1999 for the Netherlands
and Columbia-River coasts respectively, with additional surveys available for the latter
from 1926, and 1958). The data are yet to be analyzed in their entirety, so the results
presented here are preliminary. Both data sets can be expected to contain errors that are
greatest for the older data sets, reducing to an estimated 0.3 m for the modern data for
which radar or DGPS positioning was available and high resolution fathometers were
used.

Error in depth soundings from the 18th century was estimated from detailed analysis as
being less than £2 m for the Columbia-River coast (Gibbs and Gelfenbaum, 1999). The
error sources could be systematic due to datum uncertainties, or random due to errors in
soundings or horizontal-position fixing. Random errors were evaluated to be the
dominant source. We attempt to minimize much of the random error in the Columbia
River data by averaging the measured bathymetry alongshore within sub-cells for which
homogeneity of profiles can be assumed.

The alongshore averaging for the Columbia River coast was performed by calculating the
area between contours (1 m contour interval) along segments of beach ranging from 4 to
15 km in length, and then dividing the area by the shoreline-segment length to give
average cross-shore distance between contours. In the case of the central Netherlands
coast (offshore from Haarlem), depth data from only one representative transect were
selected; so this example is less reliable. Measured depth changes are within the error
bands for both examples so the data are by no means conclusive. In both cases, however,
the apparent bathymetric change has been evaluated, via sediment-budget analyses (Stive
et al., 1991; Kaminsky et al., 1999), against results from various complementary data

88



sources and methods. The indicative changes in bathymetric data are consistent with other
evidence in both cases.

In the Long Beach sub-cell of the Columbia River coast, accretion is indicated on the
upper shoreface, consistent with observed historical and prehistorical shoreline
progradation along this entire coastal cell. Shoreface lowering is indicated in the data for
water depths ranging from 25-50 m below extreme low tide levels (Figure 4a). Further
seaward, the entire continental shelf is aggrading due to sediment supply (primarily muds)
from the Columbia River.

The less detailed data from the central Netherlands coast show similar tendencies, except
here active progradation of the beach that occurred throughout the mid-Holocene is
thought to have ceased about 2000 years ago (Beets et al., 1992), with a stable mean
shoreline position prevailing during historical times (Stive et al., 1991). The rotational
shoreface deepening evident from the central Netherlands coast increases in the seaward
direction (Figure 5), and extends beyond the offshore limit of the survey, so the full extent
of the deepening cannot be determined.

Sand eroded from the Netherlands lower shoreface is thought to be transported onshore
and then alongshore into the estuaries (Stive ef al., 1991). Development of progradational
strandplains along the central Netherlands coast during the mid-Holocene (post 5-2 ka BP)
has been analyzed in terms of the regional sand budget, and half the sand supply has been
attributed possibly to a lower shoreface source (Beets ef al., 1992; Stive and de Vriend,
1995). The annual rates of shoreface lowering, which range up to 7 mm a’l (Figure 5a),
thus suggest a minimum supply rate of sand from the shoreface of about 4.6 m’ per meter
of shoreline per year. Over the 120 km of the central Netherlands coast, the implication is
that the annual supply from the shoreface to the beaches exceeds 0.5 million m> of sand
per year.

Similarly, sediment-budget analysis for the Columbia River coast indicates that only part
of the progradation can be accounted for through direct sand supply from the river, or
through the additional source attributed to degeneration of ebb-tidal deltas following
construction of long rock jetties at the entrance of the Columbia River and Grays Harbor
(inset, Figure 4); supply from the lower shoreface was deemed to be necessary to balance
the budget (Kaminsky ez al., 1999).

Overall, results from the historical seabed survey data from The Netherlands and the NW
USA are consistent with the geological data from SE Australia (Figure 3b). The
bathymetric-change data suggest shoreface lowering occurs at rates of only several sand-
grain diameters per year (Figures 4b and 5b), with the highest rates at the shallowest end
of the lower shoreface where wave-induced bed stresses are greatest (Figure 4b).

Lower-shoreface sedimentology: The stippling beneath the modern shoreface in
Figure 3a depicts a lag deposit of coarse surface sediments reported for lower shorefaces
from many parts of the world, including Pacific and Atlantic coasts of the USA, the
Netherlands North Sea coast, and along much of the coast in SE Australia (Cowell et al.,
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1999). Careful sedimentalogical analysis of sands from this lag layer off Tuncurry in SE
Australia has shown that there the coarser sediments are derived from the underlying
parent sediment body (Roy et al., 1994). Coarse sediments with the same mineralogy and
granulometric properties are found in the parent sediments but in much lower
concentrations. It is apparent therefore that concentration of the coarser sands occurs
through a lowering of the parent sediment body through erosion, with the finer sand
fraction winnowed out.

Two additional indicators provide evidence for this process: a) the mineralogy of the finer
fraction at Tuncurry is consistent with that of sediments composing the strandplain
immediately inshore (Roy et al., 1994); and b) seismic records from the parent sediment
body show truncated strata consistent with a lowering of the parent sediment body by
several meters (Cowell et al., 1995).

Field measurements and numerical modeling of shoreface sediment dynamics: Our
previous work on lower-shoreface sediment dynamics (summarized in Wright, 1995; see
also Stive et al., 1999) provides evidence that onshore transport of the sand from the lower
shoreface is at least possible. Measurements in 20 m of water in the Atlantic Bight, USA
and SE Australia clearly showed that offshore transport, primarily due to storm-driven
downwelling flows, is a dominant process under high energy conditions. Effects of swell
in returning sand onshore under fair-weather conditions, however, are indeterminate
because of a phase shift between measured sand-suspension concentrations and water
velocities in response to the asymmetrical wave velocity field, i.e., the well known
problem of vortex generation over sharp-crested, wave-induced bed ripples (Wright,
1995). On the other hand, the Atlantic Bight field campaigns provided evidence that
substantial onshore transport of sand occurs under conditions of moderate wave energy
during the waning stages of storms, when wind forcing and associated downwelling has
abated, vortex ripples presumably having been destroyed during the peak of the storm
(Wright, 1995).

Similarly, measurements off the Ebro Delta in the Mediterranean Sea under these types of
conditions show onshore skewness in the near-bed velocity field, together with a phase
shift between suspended-sand concentrations and velocity fluctuations that is consistent
with onshore transport (Stive et al., 1999). None of these data sets from the USA, SE
Australia, or the Mediterranean provide anything more than circumstantial evidence of
onshore sand transport, especially in a net sense. The net fluxes depend upon the
climatology driving cross-shore transport.

While wave climates can be reconstructed from long-term records of wave-rider buoys
(where these exist, and subject to uncertainties related to inter-decadal, El Nifio-type
climate variations), and tidal-flow regimes can be modeled reasonably well, we remain a
long way from being able to build representative climatologies of wind-induced flows
over the shoreface. The problem is partly to do with the variability in storm source and
tracking. Even worse, no reliable transform functions exist for converting the spectra of
flows into estimates of net sand transport, especially for the cross-shore component.
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What we can conclude from measurements however is that there is more than enough
hydrodynamic energy on the lower shoreface to permit the occurrence of onshore
transport. That is, our data are not inconsistent with the possibility of net onshore
transport. This possibility is given further support in modeling of the wave-tide flow
climatology and resulting sediment transport over the lower shoreface on coast of The
Netherlands (Roelvink and Stive, 1991). The modeling did not include representation of a
downwelling climatology related to storm surges, which are significant on the Netherlands
coast. The net onshore transport from the modeling is thus probably over estimated.
Modeled net fluxes are compared in Table 1 to the fluxes inferred from Figure 5.

The ratio of modeled to inferred net fluxes is an excess potential-transport factor. The
excess potential may in part reflect the exclusion of wind-generated downwelling flows
from the modeling which would contribute to the offshore component of sand flux. The
onshore fluxes inferred from Figure 5, however, are probably minima since the bed
lowering evident is greatest at the seaward limit of the data, suggesting an even larger
sediment yield from further offshore, and indicating that the over-estimation of modeled
fluxes is not as large as implied in Table 1.

Discussion

Detailed analyses for sediment budgets for the Netherlands coast (Stive ef al., 1991) and
the Columbia River littoral cell (Kaminsky et al., 1999) both indicate that a sand supply
from the shoreface is required to balance the budget, thus supporting the results presented
here. More generally, however, sediment-budget analyses have widely differing
implications for coastal management depending on whether or not the shoreface is
included as a sand supply for beaches.

For example, gross analysis of the littoral sand-budget for the ‘northern rivers’ coastal
cell, roughly 500-700 km north of Sydney on the E Australian coast, indicates a littoral-
transport deficit of about 0.5 million m? a’l. The deficit arises because the net littoral
transport is estimated to increase from zero to about 0.5 million m> a”! over this 200 km
stretch of coastline, with negligible sand contributions from coastal rivers (Roy and Thom,
1981). The alternative implications then are that a) the coastline is retreating at a rate
averaged along the entire cell of up to 1 m a”l to make up the supply deficit, or b) if the
shoreface supplies about 2.5 m> m™! a!, then the coastline may be in or near a dynamic

equilibrium.

The northern-rivers coastal cell exhibits signs of erosion and systematic recession in many
places and these are the subject of coastal management and engineering interventions. Sea
level has been fairly stable for the last 6000 years and it seems unlikely that the coast has
receded on the order of kilometers during this period, as the sediment budget might imply.
On the other hand, there have been many large engineering interventions, such as
construction of river-mouth training walls, that have caused shoreline realignments and
erosion, although the downdrift extent of these impacts is not well understood. So the
possibility exists that perceived problems of coastal recession are largely anthropogenic,
and that a shoreface sand supply to beaches is sufficient to offset, in part or in full, the

91



demand created by the alongshore transport gradient. Clearly, resolving this problem is
crucial for sensible decision making in coastal management.

The inner shelf and shoreface fronting the northern-rivers coastal cell is much shallower
than at Moruya, south of Sydney, where clear evidence exists for a shoreface sand supply
to beaches (Figure 3). The northern-rivers shoreface is also more sand abundant, i.e., the
area of bedrock outcrop on the sea floor is much less than off Moruya (Roy and Thom,
1981). On this basis we would expect a greater potential for sand supply from the
shoreface along the northern rivers cell. Evidence for this supply, however, is absent
onshore in the northern-rivers cell because any shoreface sand supplied to beaches feeds
the littoral-transport demand rather than contributing to strandplain development.

Even at Moruya, however, where progradation of the Holocene strandplain attests to a
shoreface supply, the annual addition of sand to the beach and resulting mean-trend
shoreline change is undetectable on annual and even sub-decadal time scales. That is, the
shoreface-supply volume is negligible compared to the volume of sand involved in beach
erosion and recovery cycles (which is in the range 100-200 m® m™! a’!). The annual net
supply residual however is cumulative and would grow to exceed the beach-cut/fill
volume after only several decades (about 30 to 60 years).

Overall, the convergent lines of evidence contained in the results point to a long-term
relaxation of the lower shoreface toward a deeper equilibrium. The continuous
progradation of strandplains over the past 6000 years in embayments closed to littoral
sediment inputs in SE Australia indicates relaxation times on the order of 103 years. Our
work thus implies new imperatives and possibilities for pursuing further research into
shoreface equilibrium relevant to practical coastal engineering.

ACKNOWLEDGMENTS

This paper is an outcome of the PACE project under the European Union Marine Science
and Technology program (MAST-III contract MAS3-CT95-0002), and is funded by the
Southwest Washington Coastal Erosion Study supported by the USGS and Washington
Department of Ecology. Collaboration was funded by grants from Australian Department
of Industry Science and Resources. The contribution of MJFS was funded by the Delft
Cluster Project Coasts 03.01.03.

REFERENCES
Beets, D.J., van der Valk, L., and Stive, M.J.F. 1992. Holocene evolution of the coast of
Holland, Marine Geology, 103, pp. 423-443.

Bird, E.C.F. 1985. Coastline Changes, Wiley Interscience, Chester, 219 p.
Cowell, P.J., Hanslow, D.J. and Meleo, J.F. 1999. The shoreface, In: Short, A.D. (ed.),

Handbook of Beach and Shoreface Morphodynamics, Wiley, Chichester, pp. 37-
71.

92



Cowell, P.J., Roy, P.S. and Jones, R.A. 1995. Simulation of LSCB using a morphological
behaviour model, Marine Geology, 126, pp. 45-61.

de Vriend, H.J., Capobianco, M., Chester, T., de Swart, H.E., Latteux, B., and Stive, M.J.F.
1993. Approaches to long-term modelling of coastal morphology: a review,
Coastal Engineering, 21, pp. 225-269.

Gibbs, A.E. and Gelfenbaum, GR. 1999. Bathymetric change off the Washington -
Oregon Coast, Proceedings of Coastal Sediments '99, ASCE, pp. 1627-1642.

Hallermeier, R.J. 1981. A profile zonation for seasonal sand beaches from wave climate,
Coastal Engineering, 4, pp. 253-277.

Kaminsky, GM., Buijsman, M., Gelfenbaum, G.R., Ruggiero, P., Jol, H.M., Gibbs, A., and
Peterson, C.D. 1999. Synthesizing geological observations and process-response

data for modeling coastal change at a management scale, Proceedings of Coastal
Sediments '99, ASCE, pp. 1708-1723.

Knoester, D. 1990. Morphology of the Holland coast, Rijkswaterstaat, Tidal Waters
Division, Report GWA0-90.010 (in Dutch).

Nicholls, R.J., Birkemeier, W.A. and Lee, G-H. 1998. Evaluation of depth of closure
using data from Duck, NC, USA, Marine Geology, 148, pp. 179-201.

Roelvink, J.A. and Stive, M.J.F. 1991. Sand transport in the shoreface of the Holland
coast, Proc. 22nd Int. Conf. Coastal Eng, pp. 1909-1921.

Roy, P.S., and Thom. B.G. 1981. Late Quaternary marine deposition in New South Wales
and southern Queensland - an evolutionary model, Journal of Geology Society of
Australia, 28, pp. 471-89.

Roy, P.S., Cowell, P.J., Ferland, M.A. and Thom, B.G. 1994. Wave dominated coasts, In:
Carter, R.-W.G. and Woodroffe, C.D. (eds), Coastal Evolution: Late Quaternary
Shoreline Morphodynamics, Cambridge University Press, Cambridge, pp. 121-86.

Stive, M.J.F. and de Vriend, H.J. 1995. Modelling shoreface profile evolution, Marine
Geology, 126, pp. 235-248.

Stive, M.J.F., Roelvink, D.J.A. and de Vriend, H.J. 1991. Large-scale coastal evolution
concept, Proceedings 22nd International Conference on Coastal Engineering,

pp. 1962-1974.

Stive, M.J.F., Cloin, B., Jiménez, J. and Bosboom, J. 1999. Long-term cross-shoreface
sediment fluxes, Coastal Sediments ‘99, pp. 505-518.

93



Thom, B.G. 1984. Transgressive and regressive stratigraphies of coastal sand barriers in
eastern Australia, Marine Geology, pp. 137-158.

Wright, L.D. 1995. Morphodynamics of Inner Continental Shelves, CRC Press, Boca
Raton, 241 p.

Table 1. Comparison of net onshore sand fluxes on the central Netherlands shoreface
estimated from sand transport modeling (Roelvink and Stive, 1991) and inferred from
bathymetric changes in Figure 5.
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Figure 1. Simulated strandplain development with deepening of the lower shoreface,
Tuncurry SE Australia. The simulation involved constant sea level for 6000 years, a
constant littoral sand feed of 0.25 m® a™' m™, and a steady increase in landward depths of
the lower shoreface at a rate of 0.002 ma™, decreasing linearly with distance through
10,000 m seawards.
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Figure 2. Strandplain progradation within a deeply embayed bedrock coastline (Inset) at
Moruya Beach, SE Australia. The timelines, in years before present (BP), were interpolated
from the radiocarbon dates obtained for sediment samples taken from the sub-surface
locations shown by the dots (Thom, 1984).
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Figure 3. Strandplain progradation along the Moruya transect marked on insert in Figure 2:
a) progradation determined from stratigraphic measurements and inferred shoreface
lowering needed to provide the progradation volume, the dashed surface being the inferred
seabed 6000 years ago, with the stippled pattern beneath the modern shoreface depicting a
lag deposit of coarse surface sediments; b) sand volume added to the strandplain through
time, determined from drillholes and '4C dates on shell samples reported in Thom (1984).
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Figure 4. Bathymetric change measured over 73 years off Long Beach on the Columbia
River coast, USA (based on data compiled by Gibbs and Gelfenbaum, 1999): a) alongshore-
averaged bed elevations; b) annual rate of bed change vs. initial water depth. Water depths
are relative to NAVD88: extreme low water (tidal range of about 3 m).
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Figure 5. Bathymetric change measured over 79 years on the central Netherlands coast
(Haarlem), from data presented in Stive and de Vriend (1995) based on Knoester (1990): a)
Haarlem transect; b) annual rate of bed change vs. initial water depth.
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HIGH RESOLUTION 2D AND 3D GROUND PENETRATING RADAR
DATASETS

Harry Jol, University of Wisconsin-Eau Claire
George M. Kaminsky, Washington Department of Ecology

CONCLUSIONS

1) High frequency ground penetrating radar (GPR) 2-D datasets utilizing 200, 225, and
450 MHz were collected in the North Beach, Grayland Plains, and Long Beach sub-
cells with depths of up to 7-8 m. The resulting images showed detailed reflection
patterns, which, in turn, provide a more enhanced perspective from which to interpret
the coastal environment.

2) The 3D GPR image presented of Loomis Lake shows 3-D imaging to be an effective
means of detailed stratigraphic analysis within this coastal environment. The 3-D
rendering makes spatial associations and depositional patterns of an associated
earthquake easier to visualize.

3) Some drawbacks to higher resolution data are too much detail, lack of penetration, and
potentially more equipment in the field.

4) The GPR data show, with surprising clarity, that higher frequency datasets can provide
details needed to aid in the interpretation of the coastal environments.

ACCOMPLISHMENTS

1) GPR data were collected across coastal barriers that have prograded by several meters
per year over the last century. The resulting GPR datasets reveal the internal structure
of the coastal deposits.

2) The data were collected using a pulseEKKO 100 and 1000 GPR system with antennae
ranging from 200, 225 to 450 MHz and 200 — 1000 V transmitters. Step sizes ranged
from 0.5 mto 0.1 m.

3) All data was processed and plotted using pulseEKKO software. Interpretations of the
plotted GPR profiles are based on radar facies analysis.

4) A 3-D cube was assembled from a series of identical length 2-D GPR profiles running

parallel to each other along an x-y grid system. The 2-D GPR profiles were processed
and then interpolated to create 3-D datasets using pulseEKKO and T3D software.
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QUESTIONS
1) Do higher frequency datasets have enough penetration and continuity of reflections to
properly analyze coastal progradation and erosion?

2) How do aeolian features influence both the penetration of the radar signal and
subsurface reflections?

3) Do the seaward inclined reflection signals represent major storm events, or yearly
progradation?

4) Can signals of El Nifio events be detected in the high resolution GPR datasets?

5) How can three-dimensional visualization aid in better understanding coastal processes
such as those that develop earthquake scarps?

ANALYSIS

Changing the center frequency of a GPR system permits selective enhancement of
subsurface responses. These responses can aid in better understanding different
geomorphic and geologic settings. Previous studies using GPR with geomorphology have
generally used lower GPR antennae frequencies (25-200 MHz). These studies interpreted
environments based on resolution, reflection continuity, patterns, and/or penetration depth
(Davis and Annan, 1989; Jol, 1995; Smith and Jol, 1995). The wavelength of the GPR
antennae corresponds to the minimum detectable layer thickness; therefore higher
frequencies will allow greater resolution of the subsurface.

The data presented was collected using a pulseEKKO 100 and 1000 GPR system with
antennae ranging from 200, 225 to 450 MHz, and 200 — 1000 V transmitters. Step sizes
ranged from 0.5 m to 0.1 m. All data were processed and plotted using pulseEKKO
software. Interpretations of the plotted GPR profiles are based on radar facies analysis.

A component of the Southwest Washington Coastal Erosion Study is the investigation of
late Holocene and historical evolution of barriers along the Washington coast. Extensive
GPR surveys have been conducted to map the near surface stratigraphy and morphological
change of prograded coastal barriers spanning time scales of years to millennia.
Differences in the GPR reflection packages suggest changes in depositional processes. In
particular, the high resolution GPR profiles can identify strata that allow for comparison of
coastal changes with resolution up to an annual/biannual basis.

The data were collected across coastal barriers that have prograded by several meters per
year over the last century (Peterson ef al., 1999). The resulting GPR datasets reveal the
internal structure of the coastal deposits. Figure 1 shows portions of 225 and 450 MHz
profiles across a typical section of the coastal barrier. The shallow dipping reflections
with westward oriented shingle patterns suggest a prograding beachface. Figure 2 shows
similar shallow dipping reflection patterns on the westward portion of this 225 MHz
profile between positions 34 and 36. On the eastward portion the reflections become more
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undulating. Steeper dips and less continuous reflections patterns between positions 19-22
suggest an erosional truncation just westward of shallow dipping reflections. This
reflection pattern is characteristic of major erosional events, earthquakes, and El Nifio
events that impact the Washington coastline on very different temporal and spatial scales
(Meyers et al., 1996; Jol et al, 1998). Further details of how these erosional events
influence coastal deposition can also be interpreted from the GPR reflection patterns. The
reflection patterns have been noted in previous studies, but not in such detail as in this
abstract (Meyers ef al., 1996; Kaminsky et al., 1999; Smith et al., 1999). Through these
studies we hypothesize that annual or biannual paleo-beach facies of a prograded
shoreline can be identified.

A 3-D cube was assembled from a series of identical length 2-D GPR profiles running
parallel to each other along a x-y grid system (Figure 3). All GPR transects were gathered
using a pulseEKKO 1000 GPR system and spaced 0.25 m apart. The 2-D GPR profiles
were processed and then interpolated to create 3-D datasets using pulseEKKO software.
Visual rendering of the 3-D datasets was done using Fortner T3D. The data for the 3-D
cube was acquired near Loomis Lake in Long Beach, Washington. The GPR transects
were collected using 225 MHz antennae along a 6 m x 30 m grid with a 0.10 m step. The
image shows a series of dipping reflections (Figure 3), which are interpreted as an
erosional scarp, caused by earthquake activity in the area. The GPR image presented
show 3-D imaging to be an effective means of detailed stratigraphic analysis within this
coastal environment. The 3-D rendering makes spatial associations and depositional
patterns easier to visualize.
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Figure 1. Upper: 225 MHz GPR profile (W-E, 0-100 ns) shot to show the typical dipping
foresets of the coastal deposits. Lower: 450 MHz GPR profile (0-50 ns) shot over the same
site showing higher resolution stratigraphy with less depth of penetration (Jol et al. 2000).
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Figure 2. 225 MHz GPR profile (W-E) shot along Warrenton-Carrenry Road in the southern
Grayland Plains. Shallow dipping reflection patterns become steeper and more undulating
as one moves eastward along the profile. Between 19-22 m erosional truncations are
apparent before shallow dipping reflections occur again. This pattern is similar to other
interpreted erosional events along the Washington coast (Jol et al., 2000).
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Figure 3. A 3D GPR image of the Loomis Lake research site in southwest Washington. Data
were collected using 225 MHz antennae with a 200 V transmitter. The image shows
reflections to 140 ns (approximately 7m). The transactions follow a 6 m x 30 m grid, using
an odometer set to a 0.10 step (Junck and Jol, 2000).
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EXPLORING CORRELATIONS BETWEEN SHORELINE PROGRADATION
AND CLIMATE INDICES, SOUTHWEST WASHINGTON

Laura Moore, U.S. Geological Survey and University of South Florida
Harry Jol, University of Wisconsin-Eau Claire
George M. Kaminsky, Washington Department of Ecology

CONCLUSIONS

1) Preliminary counts of GPR reflections along Taurus Boulevard in the North Beach sub-
cell of the Columbia River littoral cell suggest that 200 MHz GPR reflections represent
annual shoreface position.

2) Anomalous reflections identified on a 100 MHz transect might be coincident with El
Nifio and La Nifia events from the late 1800s to mid-1900s.

3) Progradation rates (vertical distance between reflections) correlate with SOI and
Columbia River discharge at Beaver, Oregon such that higher progradation rates are
associated with El Nifio events and high discharge.

4) El Nifio and La Nifia events, along with river discharge events (or more likely,
processes contemporaneous with river discharge events) appear to leave detectable
sedimentological signals in the stratigraphic record of a rapidly prograding coastline.
The processes responsible for these relationships will be the focus of future work.

ACCOMPLISHMENTS

One approach toward predicting the effect of future climate variability on coastal change
is to examine the past. Since many modern coastlines are erosional in nature, this is often
a difficult task that can only be accomplished for the last several decades where aerial
photography and ground surveys are available. Unlike many coastlines, large portions of
the southwest Washington coastline have been progradational (i.e., accreting seaward) for
several thousand years. A record of this seaward progradation is preserved in the
subsurface as highly reflective, seaward dipping, subsurface layers. These subsurface
layers are visualized using ground penetrating radar (GPR) and are interpreted as
beachface and upper shoreface deposits (Jol et al., 1998). The data used in this study were
collected using a pulseEKKO 100 GPR system with 100MHz and 200MHz antennae
(Figure 1). As the GPR system is stepped along the shore-perpendicular path (Taurus
Boulevard), the system emits electromagnetic waves that reflect off of structures and
lithologic changes in the subsurface sediments to produce a record of GPR reflections.
Such high-resolution GPR records for prograded coastal barriers are hypothesized to
reveal patterns of coastal change with individual subsurface layers representing
interannual to annual shoreline locations, depending on the rate and persistence of
progradation. Truncated seaward dipping reflectors suggest erosional periods, some of
which can be associated with known earthquake or storm events or otherwise dated to
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provide time control (Peterson et al., 1999; Kaminsky et al., 1999). Thus, a record of
shoreline behavior through time is preserved in the subsurface of the barriers throughout
much of southwest Washington. The spatial and temporal variability in these subsurface
patterns may have a relationship to climate fluctuations.

To test the feasibility of relating records of shoreline progradation with climate variability
for the prehistorical and historical past, patterns recorded by GPR for the North Beach
sub-cell of the Columbia River littoral cell are interpreted. Along a 200 MHz interpreted
transect across Taurus Boulevard (an area with a historically high rate of progradation,
Peterson et al., 1999) a count of reflections suggests that the seaward dipping markers
represent annual shoreline positions through time (Figure 2). Along a corresponding 100
MHz GPR transect for Taurus Boulevard, processed using constant gain control, several
reflections are anomalously strong and extend deep into the subsurface. To test the
hypothesis that the sedimentological signal responsible for these anomalous reflections is
produced by coastal storms associated with El Nifio and/or La Nifa events, the annual
signal in the 200 MHz GPR transect is used to assign dates to the strong reflections in the
100 MHz transect. The resulting dates for the anomalous reflections match the timing of
strong El Nifio and La Nifia events and suggest that the sedimentological effects of severe
winter storms occurring during these climate events are preserved in the stratigraphic
record of a rapidly prograding coast as layers with higher concentrations of heavy
minerals (Figure 3, Table 1). This provides further evidence that the reflections are annual
and suggests that in stormier years sedimentary layers containing higher concentrations of
heavy minerals may be deposited.

In addition to linking El Nifio and La Nifa events to the stratigraphic record at Taurus
Boulevard, spacings between the highly reflective layers are quantified to determine
progradation rates. These rates and patterns are compared with climate indices including
the Southern Oscillation Index (SOI) (Allan ef al., 1991; Mantua et al., 1997; Trenberth
and Hurrell, 1994) and estimated river discharge for the Columbia River (Figure 4). Each
significant positive peak in progradation rate correlates with either an El Nifio event or a
major discharge event. The converse is true for all significant negative peaks in the
progradation rate. The presence of fewer positive peaks in the later part of the
progradation record appears to be linked with decreased discharge from the Columbia
River due to severe drought conditions in North America at that time.

FUTURE WORK
1) Ground truth 200 MHz reflections to determine if they represent an annual signal.

2) Further explore the process explanation for the relationship between progradation, SOI
and discharge.

3) Explore alongshore relationships between progradation, SOI, and discharge.

4) Perform this analysis at other sites along the southwest Washington coastline in an
attempt to reproduce results.
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5) Perhaps use changes in progradation rates to reconstruct SOI back in time in rapidly
prograding areas.
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(1) Transmitter antenna sends
EM waves into the ground

(3) Information travels to computer
equipment by fiber-optic cables

Figure 1. A pulseEKKO 1000 GPR system with 100MHz and 200MHz antennae was stepped
along Taurus Boulevard to produce the data used in this study. As the system is stepped
perpendicular to the shoreline, it emits electromagnetic waves that reflect off of structures
and lithologic changes in the subsurface to produce a record of reflections. On a rapidly
prograding coast, these reflections represent annual shorefaces.
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Figure 2. A portion of the 200 MHz Taurus Boulevard Transect. Reflections interpreted as
annual shorefaces are shown in red. Timing is provided by known 1951 and 1927 surface
shoreline positions determined from historic t-sheets and aerial photos.
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Figure 3. A portion of the 100 MHz Taurus Boulevard Transect. Anomalously strong
continuous and deep reflections are highlighted in red. All 9 anomalous reflections (only 5

shown) fall within 1 year of an El Nifio or La Nifia event.
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Figure 4. Progradation rate at Taurus Boulevard is plotted with Negative SOl (ftp://
daac.gsfc.nasa.gov/data/inter_disc/surf_temp_press/soi/so_osc_indx/, Data from EOS
Distributed Active Archive Center) and Columbia River discharge at the Beavers (Data
courtesy of David Jay and Pradeep Nadik, Oregon Graduate Institute). Each significant
positive peak in progradation rate correlates with either an El Nifio event or a major
discharge event. The converse is true for all significant negative peaks in progradation

rate.
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Table 1. All but one of the anomalous reflections identified on the 100 MHz GPR profile
appear to lie within 1 year of either an El Nifio or La Nifia event. This provides further
evidence that the reflections are annual and suggests that in stormier years sedimentary
layers with higher concentrations of heavy minerals may be deposited.

|
Location (m) Reflection# Year JMA - SSTA Index
- ]

70
110
160
270
350
560
630
710
795
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1896
1900
1904
1910
1915
1925
1932
1937
1943

El Nino

El Nino (1899)
El Nino

El Nino (1911)

La Nina (1916)
El Nino
Neutral

La Nina (1938)

La Nina (1944)



HISTORICAL BATHYMETRIC AND TOPOGRAPHIC CHANGE ANALYSIS - AN
OVERVIEW

Maarten Buijsman, Washington Department of Ecology

CONCLUSIONS

1) Human influences largely affected the morphology of the coasts and estuaries in the
Columbia River littoral cell (CRLC) during the last century.

2) The time-scales of these morphological changes are very long, on the order of 50 to 100
years, O(50-100 years). The initial morphological changes were large, but declined
through time.

3) The barriers of Long Beach, north of the Columbia River (CR) ebb-tidal delta, and
North Beach, north of the Grays Harbor (GH) ebb-tidal delta, were affected most and
are still affected by the changing CR and GH delta morphologies.

4) The bathymetric analysis reveals shoreface rotation (offshore erosion and nearshore
accretion) along most of the CRLC.

5) The active depth of shoreface scour derived from the bathymetric analysis is different
for each sub-cell. Long Beach has the largest active depth. Clatsop Plains and
Grayland Plains have the smallest active depths.

6) Uncertainties in vertical datum, tide correction, and horizontal positioning have a
significant effect on the results of the bathymetric and topographic change analysis.

7) The limited data coverage complicates a regional sediment budget analysis.
ACCOMPLISHMENTS

The bathymetric and topographic analysis is comprised of the Columbia River and Grays
Harbor entrance and adjacent coasts. Bathymetric surfaces were derived for the following
locations and times (most surfaces are comprised of various data-sets from different
years):

Columbia River entrance: 1868, 1926, 1958, 1994, 1998

Grays Harbor entrance: 1887, 1900, 1926, 1954, 1974, 1998

The following U.S. Army Corps of Engineers Annual Surveys of the Grays Harbor ebb-
tidal delta were digitized: years 1900, 1927, 1954, and 1974.
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The bathymetric and topographic analysis was used for the following papers: Kaminsky et
al. (1999), Gelfenbaum et al. (1999), Kaminsky et al. (2000), and the USGS-DOE
Factsheet: "Jetty Construction and Rehabilitation at Grays Harbor, Washington; Do They
Cause Shoreline Change?" (in review).

QUESTIONS

The following research questions remain unanswered:

1) Is the "one time" accretion of Grayland Plains between 1887 and 1927 correlated with
the erosion of the shelf offshore Grayland Plains?

2) When will the morphological effects caused by jetty construction be no longer
measurable?

3) Why do the Long Beach and North Beach sub-cells continue to accrete with higher than
prehistoric rates?

4) What is the contribution of cross-shore feeding? Has this process changed as a result of
human induced morphological ch